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Biological nitrogen removal (BNR) processes have been widely used for removing 
wastewater nitrogen because of effectiveness, economics, and environmental friendliness. 
Considering the  energy requirements for nitrification and need for external carbon for 
denitrification in conventional BNR processes, anaerobic ammonia-oxidizing bacterial 
(anammox) processes facilitate energy-neutral or net energy positive biological treatment as well 
as reduce operational costs because of reduction in aeration energy, which constitutes 50%-60% 
of the overall energy consumption at municipal wastewater treatment plants, elimination of 
external organic carbon  requirements, and lower sludge production. However, one of the major 
challenges in the practical application of the anammox process is the slow growth rate of anammox 
bacteria (a doubling time range of 7 – 14 days), resulting in long start-up times and biomass 
washout. As biomass immobilization technologies offer several advantages over convnetional 
suspended growth systems, including enhanced higher cell densities and biomass retention, 
reusability, and biomass protection from extreme environmental conditions, the main objective of 
this study is to develop sustainable anammox gel beads to retain the biomass in reactor efficiently.   
To develop sustainable anammox gel beads, four different types of anammox gel beads 
were prepared using sodium alginate (SA) and support materials, including distilled water (DW) 
as control SA bead  (B1), sodium silicate as SA-SS bead (B2), polyvinyl alcohol as SA-PVA bead 
(B3), and colloidal silica SA-CS bead (B4).  Detailed characterization and comparison of the 
anammox gel beads was conducted using four lab-scale semi-continuous stirred tank reactors 
(CSTRs) and revealed that the SA-SS beads showed superior durability with better reactor 
performance. SA-SS (B2) beads showed the minimum reduction in the effective diameter of 24% 
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compared to 98%, 57%, and 96% for SA (B1), SA-PVA (B3), and SA -CS (B4), respectively 
indicating higher integrity of B2 beads. Moreover, the reactor containing SA-SS beads not only 
showed the maximum biomass retention after 30 days of operation, relative to the initial mass of 
72% compared to 3%, 44%, and 5%, for SA, SA-PVA, and SA-CS, respectively but also the 
highest total nitrogen removal efficiencies of  80% . The diffusion coefficients (De) of ammonium 
in anammox gel beads was maximum for B2 beads (26.2 µm2/s) compared to B1 (18.8 µm2/s), B3 
(22.4 µm2/s), and B4 (13.9 µm2/s) beads, indicating enhanced internal mass transfer. 
Due to the extremely slow anammox growth rate, the minimum initial concentration of 
anammox biomass in gel beads for rapid reactor start up was assessed at, four different initial 
biomass concentrations of  208 mg/L, 310 mg/L, 416 mg/L, and 540 mg/L immobilized in SA-SS 
beads and packed at  20%  (vbead/vtotal) in four 100-ml CSTRs, and was determined to be 311 mg/L  
. To evaluate the effect of bead volume on nitrogen removal performance, four identical anaerobic 
fluidized bed reactors (AFBRs) with  0.5L working volume were inoculated with immobilized 
beads containing 311 mg/L of anammox biomass at packing ratios of 20%, 30%, 45%, and 60%. 
The optimum packing ratio (on a volumetric basis) of the AFBR was 30% (v/v) with a nitrogen 
removal rate (NRR) of 0.40 kg N/m3-d at volumetric nitrogen loading rate (NLR) of 0.51 kg N/m3-
d, corresponding to nitrogen removal efficiencies (NRE) of 77%. A higher anammox detachment 
rate was observed in AFBR1 (packing ratio 20%) compared to AFBR2 (packing ratio 30%) and 
AFBR3 (packing ratio 45%).  
Finally, the impact of holed anammox gel beads on nitrogen removal performance was 
investigated using two lab-scale FBRs, one as control with immobilized non-holed anammox 
beads (CFBR) and the other with holed immobilized anammox beads (PFBR). The PFBR achieved 
a maximum NRR of 0.81 kg N/m3-d at NLR of 1.01 kg N/m3-d with NRE of 80%  after 35 days 
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without operational problems, whereas the CFBR with non-holed anammox gel beads failed after 
30 days due to excessive biomass loss of 78% of the initial biomass from day 30 to day 36. The 
hindrance to diffusion of the generated nitrogen gas was the main mechanism of beads breakup 
and biomass washout.  
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Summary of Lay Audience 
Nitrogen release from wastewater treatment plants causes eutrophication of rivers and deterioration 
of water sources. USEPA attributes  approximately 25% of water body impairments to excess nutrient 
release in water (USEPA 2007). To protect the lakes and other natural water bodies from eutrophication, 
stringent nitrogen levels are set for municipal wastewater treatment plant discharges. The current research 
aims at developing sustainable nitrogen removal technologies to meet the stringent regulations by 
optimizing the removal process without additional operational cost or energy demand. Biological 
nitrogen removal (BNR) processes have widely been used for removing wastewater nitrogen because of 
effectiveness, economics, and environmental friendliness. Considering the energy required  and the 
need for external carbon in conventional BNR processes, anaerobic ammonia-oxidizing bacterial 
(anammox) processes facilitate energy-neutral or net energy positive treatment alternatives as well 
as reduction of carbon footprint due to use  because of reduction in aeration energy and external 
carbon maufacturing and transportation environmental impacts. However, one of the major 
challenges in the anammox process's practical application is the slow growth rate of anammox 
bacteria, resulting in long start-up times and biomass washout.   
Therefore, the current research focused on developing a novel approach of immobilized 
anammox bacteria  in gel beads, for use as carrier media  in fluidized bed bioreactors (FBRs), as 
FBR offer significant process intensification compared to existing technologies . Nitrogen removal 
performance was investigated using non-holed and holed immobilized anammox gel beads 
inFBRs. The experimental results revealed that anammox immobilized in sodium alginate sodium 
silicate (SA-SS) showed the maximum biomass retention after 30 days of reactor operation compared to 
three other immobilized beads. The experimental results also revealed that anammox immobilized in holed 
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1. Introduction  
1.1 Background 
Nitrogen is one of the essential nutrients for the growth of living organisms in water. However, 
excessive release of nitrogenous compounds causes severe problems for the aquatic systems as it 
stimulates eutrophication. This research's goals were motivated by the increasing concerns of 
nitrogenous compounds that are discharged from wastewater treatment plants (WWTPs). For the 
last two decades, the discharge of nitrogen from WWTP has been strictly regulated and reduced 
limits to as low as <1.5 to 3 mg total nitrogen/L (Oleszkiewicz and Barnard, 2006]. Therefore, the 
current research aims at developing sustainable nitrogen removal technologies to meet the 
stringent regulations by optimizing the removal process without additional operational cost or 
energy demand (Rossle and Pretorius, 2001; EPA, 2008; Oleszkiewicz and Barnard, 2006).  
Conventionally, the biological nitrogen removal (BNR) process has been applied worldwide 
to remove nitrogen from wastewater. This process consists of nitrification and denitrification 
where nitrogenous compounds, primarily ammonia nitrogen (NH4-N), are sequentially oxidized to 
nitrite and nitrate using oxygen as the electron acceptor and NH4-N as the electron donor in 
denitrification. On the other hand, organic carbon sources are used as electron donors and nitrate-
nitrogen (NO3-N) as an electron acceptor during denitrification (Ali et al., 2015). However, 
concerns about conventional BNR process including consumption of high energy for nitrification, 
requirements for  external carbon source for denitrification, and release of substantial amounts of 
nitrous oxide (N2O), which has a carbon footprint of  over 300 times greater than carbon dioxide 
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(CO2) (Griggs 2002) necessitate exploring the alternative nitrogen removal that can minimize the 
aforementioned .  
The discovery of anammox in the early 1990s introduced a new pathway that can minimize 
the aeration cost, does not need an external carbon source, lower the sludge production, save up to 
90% operating cost, and with undesirable by-products such as greenhouse gases (Kartal et al., 2010 
and Li-dong et Al., 2012). The anammox process consists of two steps: partial nitrification (half of the 
ammonia is oxidized to nitrite) and the subsequent anammox process (ammonium is oxidized with nitrite 
to nitrogen gas) under anoxic conditions (Ali et al., 2015b).  Over time the single-stage anammox reactors 
became the mainstream because of lower capital and operational costs and footprint. Approximately 90% 
of the full-scale anammox processes, including granular sludge reactors, moving bed biofilm reactors 
(MBBR), and sequencing batch reactors (SBR) were configured as single-stage reactor (Ali et al., 2015a, 
Ali & Okabe, 2015). Although, application of the full-scale anammox reactor has increased rapidly with 
114 globally as of 2014, the biggest hurdle for the anammox process is the slow growth rate of the anammox 
bacteria (doubling time range 7 – 14 days), which results in longer start-up times (Ali & Okabe, 2015b; 
Isaka et al., 2006; Oshiki et al., 2011). Therefore, start-up of the anammox process in a reactor is time-
consuming and may take several months to years (Ibrahim et al., 2015; Trigo et al., 2006). 
Different types of reactor configurations have designed and applied in both laboratory and full-
scale  systems (Hu et al., 2006; Jin et al., 2008), with SBR the most well-accepted reactor for 
anammox enrichment because it offers homogeneity of the substrate inside the reactor, stability 
and reliability for long term operation, and efficient biomass retention (Li-dong et al. 2012).  
Even though anammox's slow growth rate is advantageous for lowering the sludge production, 
biomass washout during reactor operation is considered one of the major bottlenecks of applying 
the anammox process in the wastewater treatment plant. Many studies have focused on developing 
techniques for retaining anammox biomass inside the reactor; immobilization of biomass in gel 
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beads have been reported advantageous because of closely packed design of bioreactors, non-
toxicity to microorganisms, mechanical strength and long life span of gels, enhanced process 
efficiency, resilience to overloading rates, including short hydraulic retention time (HRT) and high 
nitrogen loading rate (NLR) without nitrite inhibition and biomass washout (Bae et al., 2015; Margi et al., 
2012; Isaka et al., 2011; and Ali et al., 2015c). Bae et al., (2015) have tested a 2 L continuous stirred tank 
reactor (CSTR) with an HRT of 8.3-4.2 h and NLR of 0.32 – 1.26 kg N/m3-d using immobilized polyvinyl 
alcohol (PVA)/sodium alginate (SA) gel beads. A maximum nitrogen removal rate of 1.12 kg N/m3-d was 
found at an NLR of 1.26 kg N/m3-d with a total nitrogen removal efficiency of 88.9%. Margi et al. (2012) 
have used a CSTR (1.4L working volume) with an HRT of 2.6-11.7 h and NLR of 0.5 – 2.8 kg N/m3-d. A 
total nitrogen removal rate (NRR) of 0.41 – 2.04 kg N/m3-d was observed in the aforementioned study. Ali 
et al. (2015c) have operated an up-flow column reactor (UCR, 0.01 L working volume) to evaluate the 
anammox performance using polyvinyl alcohol/ sodium alginate (PVA/SA) bead with an HRT of 0.42 h 
and NLR of 4.3 -12.1 kg N/m3-d and observed a maximum NRR of 10.8 kg N/m3-d. However, most of the 
studies were limited to addressing the hydrodynamic behavior and durability of beads for long term 
operation.  Therefore, the viability of long term application with a rapid start-up for immobilized anammox 
merits further research. Moreover, no study has so far been conducted using immobilized gel-entrapped 
biomass in fluidized bed reactors (FBR). FBRs offer significant advantages over packed bed reactor and 
suspended growth system, including enhanced mass and heat transfer rates, stability under shock loadings, 
high treatment efficiency, and uniform distribution within the liquid phase (Chowdhury et al., 2017). The 
development of an FBR with gel-entrapped anammox bacteria can open the door to a single-stage fixed-
film ammonia removal process, where the encapsulated anammox gel beads can serve as a carrier media 
for ammonia oxidizing bacteria (AOB).  Hence, the feasibility of anammox fluidized bed reactor (AFBR) 
using immobilized gel-entrapped biomass dictates further investigation. Therefore, immobilized 




1.2 Thesis Objectives 
As beads’ integrity was noted as one of the major bottlenecks for the application of anammox 
immobilized gel beads in the wastewater field, the principal aim of the current research was  to 
develop a novel approach for  anammox immobilization in gel beads, and to test  the durability of 
gel beads with nitrogen removal performance in FBRs. Moreover, no study has investigated  the 
mechanisms for breakup of beads. Therefore, this study explores the relative importance of the 
disintegration of the immobilized beads due to dissolution of the sodium alginate and the breakup 
of the gel beads due to the nitrogen gas produced by the anammox. In addition, and despite the 
rapid breakup of beads, noresearch has been conducted on enhancing beads porosity mechanically  
to improve durability. . Therefore, the current study used micro-needle holed anammox gel beads 
as a carrier media in fluidized bed reactor to investigate the durability, mechanism of beads’ 
disintegration, and efficiency of nitrogen removal. The specific research objectives of this current 
work are outlined as follows: 
I. To enrich the anammox and evaluate the impact of SRT on nitrogen removal 
II. To determine the specific denitrification rate using microbial immobilization. 
III. To develop a new approach for anammox immobilization and explore the structural 
integrity and internal mass transfer of anammox gel beads 
IV. To investigate biological nitrogen removal using immobilized anammox biomass in 
fluidized bed reactors (FBR) 
V. To study the impact of micro-needle injected holed anammox gel beads for nitrogen 
removal in FBR 
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1.3 Thesis organization 
 The article-integrated format specified by the school of Graduate and Postdoctoral Studies 
at The University of Western Ontario is used in  this Ph.D. thesis. This thesis contains seven 
chapters. 
• Chapter 1 presents an overview of the thesis and the rationale behind the necessities of 
culturing the anammox biomass for nitrogen removal and developing the innovative 
approach of immobilizing anammox biomass in a gel carrier. It summarizes the most 
relevant literature as well as presents the  specific research objectives. 
• A detailed review of the literature with a background of the BNR process, immobilization 
techniques of anammox biomass, and their application is presented in chapter 2. The 
research progress related to the 2nd generation BNR process is elaborately discussed. 
• Chapter 3 is a research article entitled  “Anammox enrichment: impact of sludge retention 
time (SRT) on nitrogen removal”, currently under review in Environmental Technology. 
This study evaluated the impact of sludge retention time (SRT) ranging from 30 to 1280 
days on nitrogen removal using DEMON sludge in an SBR,  and specific anammox activity 
(SAA). After the successful enrichment of anammox biomass, a suitable inoculum was 
selected for microbiological analysis using DNA sequencing methodologies for the 
abundance and diversity of anammox bacterial in the enriched sludge.  
• Chapter 4 is a published conference paper and presented in Water Environment Association 
of Ontario, 2018,  entitled "Denitrification of synthetic wastewater using encapsulated 
return activated sludge."This work aimed to assess the specific denitrification rate, using 
microbial immobilization techniques such as attachment and gel carrier entrapment, as an 
indicator of the resistance to diffusion of nitrogen gas, which is produced by anammox 
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bacteria. For this purpose, a non-toxic immobilization technique using two different 
percentages (w/v, 2%, and 3%) of sodium alginate (SA) solution at two different COD to 
NO3-N (COD/N) were employed for batch experimental analysis. Authors: Mohammad 
Monirul Islam Chowdhury (Chowdhury ), George Nakhla (Nakhla ), and Mingu Kim 
(Kim). Chowdhury performed all the reactor experimental work, data analysis, and 
interpretation, as well as drafted the article. Kim  was involved in the reactor design, and 
data analysis. Nakhla was involved in the conception and design of the study, data 
interpretation, and evaluating the article. 
• Chapter 5 is a research article entitled "A novel immobilization technique for developing 
sustainable anammox gel beads for nitrogen removal", accepted in Environmental 
Innovation and Technology. In this study, sustainable anammox gel beads using sodium 
alginate (SA) mixed with three different support materials, including sodium silicate (SS), 
polyvinyl alcohol (PVA), and colloidal silica (CS), were prepared to improve the integrity 
of beads as well as accelerate the start-up of the anammox process. Four lab-scale semi-
continuous stirred tank reactors (Semi-CSTRs) packed with anammox gel beads were run 
to investigate the nitrogen removal performance. Authors:  Mohammad Monirul Islam 
Chowdhury (Chowdhury) and George Nakhla (Nakhla). Chowdhury performed all the 
experimental design and analysis, data collection, data analysis, and interpretation, as well 
as drafted the manuscript. Nakhla was involved in the conception, and design of the study, 
data interpretation, and evaluating the manuscript critically . 
• Chapter 6 is a research paper entitled "Enhanced nitrogen removal using holed immobilized 
anammox beads in fluidized bed bioreactors", currently under review in Water Research.  
The objectives of this study were to optimize the packed bed ratio of immobilized 
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anammox gel beads as a carrier media in anammox fluidized bed bioreactors (AFBRs), and  
investigate the efficiency of   holed immobilized anammox  beads for nitrogen removal 
using two identical fluidized bed bioreactors.  Authors:  Mohammad Monirul Islam 
Chowdhury (Chowdhury) and George Nakhla (Nakhla ). Chowdhury MMI performed all 
the experimental work, data collection, data analysis, and interpretation, as well as drafted 
the manuscript. Nakhla  was responsible for   the concept, experimental design , and 
assisted in data interpretation, and critically evaluated the manuscript. 
• Finally, chapter 7 summarizes the  significant findings, scientific contributions, limitations 
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2 Literature review 
2.1 Introduction 
Nitrogen release from wastewater treatment plants causes eutrophication of rivers and 
deterioration of water sources USEPA notes that approximately 25% of water body impairments 
are attributed to excess nutrient release in water (USEPA 2007). To protect the lakes and other 
natural water bodies from eutrophication, stringent nitrogen levels are set for the effluents from 
wastewater treatment plants. Nevertheless, wastewater treatment plants (WWTPs) are considered 
major sources of energy consumption and greenhouse emissions to the atmosphere. In a 
conventional WWTP, about 25%-40% of the operating cost is ascribable to energy consumption 
(Gu et al.., 2017). The consumption of energy will continue to increase due to population growth, 
economic activity, stricter regulations, and infrastructure aging (Gu et al., 2017), which will 
inevitably increase indirect energy use to provide the materials, chemicals, and services WWTPs 
(Mo & Zhang, 2012). Over 15,000 municipal WWTPs in the United States consume nearly 23% 
of the municipal public energy (Mo and Zhang 2013). Furthermore, WWTPs need a considerable 
amount of chemicals over their lifetime. The lifecycle energy embodied in chemicals is considered 
as the indirect energy consumption in the WWTPs. Therefore, efforts are required to minimize the 
related energy consumption. Besides energy consumption, greenhouse gases such as nitrous oxide 
(N2O), carbon dioxide (CO2), and methane (CH4) are emitted during wastewater treatment (Duan 
et al., 2017). However, the generation of N2O during nitrification and denitrification processes is 
a significant problem at WWTPs. Intergovernmental Panel on Climate Change (IPCC) has 
reported that the effect of greenhouse gases for N2O is 300 times greater than the impact of CO2 
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emission (Griggs & Noguer, 2002), and the steady-state lifetime of N2O in the atmosphere is 114 
years (IPCC, 2007). It is also reported that emissions of N2O from WWTPs have steadily increased 
during recent decades and reached 108 Mt CO2 eq in 2010, comprising 3.4% of the global N2O 
emission (Frame et al., 2014).   
Biological nitrogen removal (BNR) processes have widely been used for removing wastewater 
nitrogen because of effectiveness, economics, and environmental friendliness (Ahn 2006; Nava et 
al., 2008). Conventional BNR technologies employ biological nitrification and denitrification. In 
BNR processes, ammonia is first biologically oxidized to nitrate via nitrite under oxic conditions 
before conversion to nitrogen gas under anoxic conditions by denitrifying bacteria, using electrons 
donated by organic matter. In this process, significant energy is required to supply oxygen for the 
consumption of ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB). 
Therefore, autotrophic nitrogen removal technologies such as autotrophic denitrification (Ma et 
al., 2016, Liu et al., 2015), photoautotrophic denitrification (Cao et al., 2015), and anaerobic 
ammonia oxidation (anammox) process (Ali & Okabe, 2015, Margi et al., 2012) are more 
sustainable ways of removing nitrogen, without using organic matter. In autotrophic 
denitrification, the energy sources are derived from inorganic oxidation-reduction reactions with 





+, as the electron donor and inorganic carbon compounds (e.g., CO2 or HCO3ˉ) as the carbon 
source (Ahn 2006). In the anammox process, organisms grow with CO2 as the sole carbon source 
and use nitrite as an electron donor (Ahn 2006). The anammox technology is considered the most 
promising one among the above-mentioned autotrophic technologies to render wastewater 
treatment energy-neutral or energy-positive. As mentioned earlier, the challenges necessitate 
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exploring the second generation of biological nutrient removal (BNR) processes, which can 
improve plant capacity, save energy, cost, and reduce environmental impacts (Kuba et al., 1997).  
The second-generation BNR processes, which nitrify and denitrify through nitrite (known as 
short-cut nitrification or SNR), as well as anaerobically oxidize ammonia with nitrites, offers 
several advantages over conventional BNR, including 60% reduction of energy demand, 90% 
reduction of greenhouse gas emissions, no requirement for external organic carbon source, low 
sludge production,   high nitrogen removal; and smaller reactor footprint  (Kartal et al., 2010; Van 
Loosdrecht and Jetten, 1998). In conventional nitrification, nitrogenous compounds, primarily 
ammonia nitrogen (NH4-N), are sequentially oxidized to nitrite and nitrate using oxygen as the 
electron acceptor and NH4-N as the electron donor in denitrification. On the other hand, carbon 
sources use as electron donors, and nitrate-nitrogen (NO3-N) use as an electron acceptor occurs 
during denitrification.  The discovery of anammox in the early 1990s introduced a new pathway 
that bypasses the formation of NO3-N, oxidizes NH4-N using NO2-N as the electron acceptor, and 
converts NO2ˉ-N to dinitrogen gas under anoxic conditions.  
2.2 Characteristics of Municipal Wastewater 
Figure 2.1 presents the main characteristics of municipal wastewater.  Domestic wastewater 
contains nearly 99.9% water, including nitrogen and phosphorous, with the rest organic and 

















Figure 2. 1 Main chemical characteristics of municipal wastewater (Metcalf & Eddy, 2003; 
Sperling, 2007) 
2.3 Fundamentals of biological nitrogen removal 
Biological nitrogen removal processes mainly fall into two major groups: (i) conventional 
autotrophic/heterotrophic, and (ii) completely autotrophic. Conventional 
autotrophic/heterotrophic is primarily based on combined autotrophic nitrification and 
heterotrophic denitrification. All anammox process belongs to the completely autotrophic group. 
2.3.1. Nitrification 
Nitrification refers to the biological oxidation of ammonia-nitrogen to nitrite, followed by the 
oxidation of nitrite to nitrate. This process is performed in two steps by autotrophic 
microorganisms that use alkalinity or inorganic carbon. In the first step of nitrification, ammonia-
oxidizing bacteria (AOB) oxidize ammonia to nitrite, and nitrite-oxidizing bacteria (NOB) oxidize 
nitrite to nitrate in the second steps. The reactions and stoichiometry of nitrification are given 
below: 
Total solids Organic Matter Total Nitrogen 
Total 
Phosphorous 
Suspended Dissolved Settleable 
➢ Fixed 
➢ Volatile 
BOD COD TOC 
Organic nitrogen, 











+ + 3𝑂2 → 2𝑁𝑂2 
− + 2𝐻2𝑂 + 4𝐻
+ … … … . (1) 
NOB bacteria:  
2𝑁𝑂2
− + 𝑂2 →  2𝑁𝑂3
− … … … (2) 
The most frequently identified genus associated with the 1st step is Nitrosomonas bacteria. 
Some other genera, including Nitrosococcus, Nitrosospira, Nitrosolobus, and Nitrosovibrio, can 
also autotrophically oxidize ammonia (Watson et al. 1981). In the second step, Nitrobacter bacteria 
are the most frequent genus, whereas other genera, including Nitrospina, Nitrococcus, and 
Nitrospira, can also autotrophically oxidize nitrite (Watson et al. 1981).  
Alkalinity for nitrification can be calculated (neglecting cell tissue) using the equation (3) 
𝑁𝐻4
+ +  2𝐻𝐶𝑂3
− + 2𝑂2 → 𝑁𝑂3
− + 2𝐶𝑂2 + 3𝐻2𝑂…….(3) 
Based on equation (3), 7.14g of alkalinity as CaCO3 will be required for each gram of ammonia-
nitrogen. On the other hand, organic nitrogen is converted to ammonia through a process called 
ammonification, in which 3.57 g of alkalinity (as CaCO3) is produced per gram of NH4-N 
production. The kinetic coefficients for AOB, NOB, and overal nitrification are given in Tables 











DO pH Inf NH4-N 
(mg/L) 










CSTR 3 Room 1.54 ± 0.87 7.5 ± 0.1 500 1.1 ± 1.0 0.32 ± 0.34 
  
0.15 ± 0.06 
  
S 
CSTR 2.4 21 ± 2 0.40 ± 0.05 7.3 ± 0.1 1100 0.54 ± 0.09 







   





23 ± 0.5 
 







CSTR 15 - 25 23 ± 2 3 7.5 3000 1.21 0.2 0.24 0.74 0.18 7 0.55 S 
CSTR 10- 20 2 7.0 - 7.5 48 ± 2 
       
S 
CSTR 5 - 40 20 > 4 7.0 - 7.6 24 - 96 0.24 ± 0.01 0.066 ± 0.003 0.023 ± 0.003 




20 > 4 
 







SBR 5 30 ± 0.5  3 6.5 - 8 800 ± 50 1 
 
5.1 ± 0.4 0.34 ± 0.07 
   
S 
CSTR 1 35 ±0.5 3 6.5 - 6.7 700 ± 50 2 
 
5.7 ± 0.4 0.49 ± 0.06 
   
S 




0.47 1.45 0.15 
 
0.21 S 
















SBR 15 21 3 
 





CSTR 2 35 1.5 - 5.0 7.8 - 8.9 1000 1.75 0.23 0.44 0.34 
 
24.9 0.44 S 
CSTR 1.54 35 6.1 6.83 500 - 2000 1.0 ± 0.2 
 








26 ± 0.5 0.5 or 3.5 
 
50 - 65 0.46 
 
1.4 0.307 0.37 
  
S 
SBR 9.2 ± 2 20 3.5 7 3000 0.5 0.071 1 0.5 




22 - 23 
 
7.5 - 8.2 150 
  
0.28 ± 0.13 or 
1.06 ± 0.25 
0.33 ± 0.04 S 
SBR 10 - 40 35 ± 2 0.15 - 3.0 6.7 - 8 90 - 190 0.94 - 0.99 0.245 
 
0.36 
   
S 
SBR 10 14 1 - 5.5 6.6 - 7.3 40 0.28 0.1 
 
1.36 
   
S 








5 1 for 30 d 
and 3 for 
100 d SRT 
S 
SBR 16 - 18 30 
 
7.5 - 8.2 500 - 1000 1.96 0.44 0.5 0.5 0.21 241 0.053 S 
SBR 1.68 30 ± 1 2.8 - 3.3 > 6.4 1000 1.02 ± 0.17 0.26 ± 0.07 0.36 
   
0.4 S 
SBR 20 20 
  





SBR 122 28 - 32 > 2.0 7.9 - 8.7 500 and 1000 
 
53 ± 6 1.35 ± 0.24 
   
S 
ASR 15 20 
     
12 0.99 
   
A 
MBR 20 20 2.5 - 3.0 7.5 
   
0.13 ± 0.05 0.18 ± 0.04 







0.2 - 5 or 
>1.5 
7.8 - 8.2 1200 - 
1600 





30 0.4 - 2.0 7.5 320 0.71 - 2.09 
 












MBR 20 20 2.5 - 3 7.2 ± 0.1 
    
0.42 ± 0.11 













23 ± 1 
 
7.5 ± 0.1 180 
  
11 ± 5 
  
63.5 ± 26.9 A 
MBR 20 18 - 20 2 7.7 ± 0.1 35 ± 7.7 0.45 ± 0.04 0.08 ± 0.04 




10 0.5 - 2.5 8.0 ± 0.1 70 0.63 ± 0.05 2.1 ± 0.7 




30 7.55 ± 0.61 7 to 8 50 
  
8.8 
    
A 
• Maximum growth rate (µ𝑚𝑎𝑥), decay rate (b), substrate half saturation constant (Ks), oxygen half saturation constant (Ko), Yield 
coefficient (Y), free ammonia half -velocity constant (KiFA), free nitrous acid half -velocity constant (KiFNA), suspended (S), 
attached (A). 












Table 2. 2 Kinetic parameters for NOB (Liu et al. 2020) 
Reactor 
type 
SRT (d) Temp 
(0C)  
DO pH Inf NH4-N 
(mg/L) 










CSTR 3 Room 1.54 ± 0.87 7.5 ± 0.1 500 2.6 ± 2.05 1.7 ± 1.9 
  





21 ± 2 3.0 ± 0.25 7.3 ± 0.1 1000 0.67 
   





23 ± 0.5 
 
7.5 ± 0.1 1000 0.24 
 
1.6 




20 > 6 
 





CSTR 10 to 20 20 2 7.0 - 7.5 48 ± 2 




CSTR 5 - 40 20 > 4 7.0 - 7.6 24 - 96 0.18 ± 0.01 0.045 0.023 




20 > 2 
 
20 - 200 2.64 
 
4.85 
    
S 




0.0014 1.1 0.041 
 
0.27 S 
















SBR 15 21 3 
 





CSTR 2 35 1.5 - 5.0 7.8 - 8.9 1000 0.56 0.04 1.02 0.73 
 
14.8 2.31 S 
SBR 9.2 ± 2 20 3.5 7 3000 0.56 0.08 3 1 
   
S 
SBR 3 to 5 22 - 23 
 
7.5 - 8.2 150 
  
9.6 ± 1.4 or 
5.66 ± 0.96 
0.36 ± 0.02 S 
SBR 10 - 40 35 ± 2 0.15 - 3.0 6.7 - 8 90 - 190 2.25 - 2.51 0.245 
 
0.54 
   
S 
SBR 10 14 1.0 - 5.5 6.6 - 7.3 40 0.38 0.1 
 
2.79 












   
S 
SBR 16 - 18 30 
 





22 ± 1 2.8 - 3.3 7.3 1000 0.48 ± 0.07 0.07 1.5 ± 0.08 
   
0.018 S 
SBR 20 20 
  





SBR 31 ± 7 30 > 2 or < 1 8 1000 
  
11.6 - 11.9 
   
0.19 -0.97 S 
SBR 10 -40 20 > 2 6 to 8 226 - 1176 0.67 ± 0.17 
    
3.78 ± 
0.56 0.14 ± 0.1 
S 






       
0.28 ± 0.20 0.47 ± 0.04 






0.2 - 0.5 or 
> 1.5 





30 ± 1 
 
7.2 ± 0.2 200 1 
  
1.15 - 4.65 






7.5 320 0.43 - 1.92 
 
0.11 - 38.28 0.1 - 0.37 0.11 -0.21 
  
A 
MBR 20 20 
 
7.5 
    
0.28 ± 0.05 

















23 ± 1 
 
7.5 ± 0.1 180 
  
4.1 ± 0.9 
   




   
0.28 - 0.31 
 
0.27 - 0.39 4 - 0.51 




   






Table 2. 3 Kinetic coefficients for activated sludge nitrification at 20 0C (Metcalf & Eddy, 2004) 
Coefficient Unit Range Typical Value 
µmn g VSS/g VSS-d 0.20 - 0.90 0.75 
Kn g NH4-N/m
3 0.50 - 1.0 0.74 
Yn g VSS/g NH4-N 0.10 - 0.15 0.12 
b g VSS/g VSS-d 0.05 - 0.15 0.08 
Ko g/m
3 0.04 - 0.60 0.5 
θ value    
µmn Unitless 1.06 - 1.123 1.07 
Kn Unitless 1.03 - 1.123 1.053 
b Unitless 1.03 - 1.08 1.04 
 
2.3.2. Denitrification 
Heterotrophic bacteria generally perform denitrification. In this process, organic matter serves 
as the electron donor and nitrite or nitrate as the electron acceptor. Denitrifying microbes require 
a low oxygen concentration (0.3 to 0.5 mg/L). The denitrification equation can write as  
𝑁𝑂3
− + 𝐶𝑎𝑟𝑏𝑜𝑛 𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑓𝑎𝑐𝑢𝑙𝑡𝑎𝑡𝑖𝑣𝑒 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
→ 𝑁2 + 𝐶𝑂2 + 𝐻2𝑂 + 𝑂𝐻
− + 𝑛𝑒𝑤 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 … … … (4)  
One equivalent of alkalinity is produced per equivalent of NO3-N reduction, i.e., 3.57 g of 
alkalinity (as CaCO3) is produced in each gram of NO3-N reduction. The ratio of biodegradable 
soluble COD (bsCOD) to NO3-N (C/NO3-N) is important to enhance denitrification efficiency. 
Complete denitrification of nitrate to N2, ignoring biomass formation theoretically requires a 





− + 8𝐻+ = 4𝑁2 + 5𝐶𝑂2 + 5𝐻𝐶𝑂3
− + 9𝐻2𝑂 … … . (5) 






… … . (6) 
Where, Yn= net biomass yield (g VSS// bsCOD).  Detailed kinetic coefficients for heterotrophic 
denitrifying bacteria are listed in table 2.4. 
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0.48 - 0.61 
 
Foglar & Briski, 2003 




Karanasios et al., 2016 




Karanasios et al., 2017 








Kornaros et al., 1996 
SBR Sugar 2 28 ± 2 6.5 ± 0.5 
    
0.0037 
 
3.08 Karanasios et al., 2016 
CR Sugar 10.1 28 ± 2 6.5 ± 0.6 
    
0.019 
 
0.0029 Karanasios et al., 2017 










2.3.3 Autotrophic denitrification 
As an alternative to heterotrophic denitrification, autotrophic denitrification is an efficient, 
convenient, and eco-friendly biological process for treating wastewater and landfill leachate 
containing high nitrogen and low carbon content. This process is carried out by the autotrophic 
bacteria such as Thiobacillus denitrificans or Thiomicrospira denitrificans, where the requirement 




2-, FeS2, and SCN ¯ coupled with nitrate or nitrite reduction (Capua et al., 2019; Chung et al., 
2014). Autotrophic denitrification minimizes the use of external carbon sources and reduces 
biomass production (Zhang & Lampe, 1999). The stoichiometry of autotrophic denitrification with 
sulfur increases the sulfate concentration is given in equation 7. 
𝑁𝑂3
− + 0.887𝑆2𝑂3
−2 + 0.456𝐶𝑂2 + 0.709𝐻2𝑂
→ 0.454𝑁2 + 1.733𝑆𝑂4
−2 + 0.773𝐻+ + 0.01915𝐶5𝐻7𝑂2𝑁 … … … . (7) 
As apparent from equation 7, the stoichiometric requirement for reduced sulfur is 4.05 mg S/mg 
NO3-N i.e. for a typical municipal wastewater with 40 mgN/L, the sulfur requirement for complete 
denitrification is about 160 mg/L, which is much higher than typically present in municipal 
wastewaters. Thus, while autotrophic denitrification is feasible at very low DOs (< 0.1 mg/L), it is 
actually insignficant for typical municipal wastewater applications. Maximum specific growth rate 
of 12.2 d-1 is observed while sulfide (S2-) was used as an electron donor in autotrophic 
dentrification (Table 2.5). The detailed kintetic parameters for autotrophic denitrification are listed 
in Table 2.5.  
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1 - 53.1 0.65 0.85 
   
Mora et al., 2015 
SBR 1 33 - 35 S2O32- 6.7 - 7 95 - 476 2.9 – 4.8 3 to 10 
 
0.4 - 0.5 
 
Oh et al., 2000 
SBR 10 30 ± 0.5 S2- 7.2 140 - 251 12.2 109.7 10.9 
  









0.85 - 1.11 
 
Zeng et al., 2005 




0.14 Chung et al. 2014 
CSTR 2.8 30 S2O32- 
 








2.3.4 Partial nitrification and denitrification 
Compared to conventional nitrogen removal, partial nitrification-denitrification (PND) is a 
more techno-economically viable process since it can offer 25% lower oxygen consumption, 40% 
lesser carbon requirement,1.5 to 2 times faster kinetics, and 40% lower sludge production (Peng 
& Zhu, 2006). However, the production of nitrous oxide and nitrite toxicity (Oleszkiewicz, 2015) 
are the two most significant bottlenecks of this technology. PND is a nitrogen removal process via 
nitrite, where the second step of nitrification (Figure 2.2) is eliminated. Therefore, nitrite can be 
used as an electron acceptor for denitrification. It can be achieved by inhibiting the nitrite-
oxidizing bacteria (NOB) and facilitating the ammonia-oxidizing bacteria (AOB) growth. The 














Figure 2. 2 Partial nitrification and denitrification pathway (Willis et al., 2017) 
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+ + 1.5𝑂2 + 2𝐻𝐶𝑂3 → 𝑁𝑂2
− + 2𝐶𝑂2 + 3𝐻2𝑂 … … … . (7) 
Denitrification: 
𝑁𝑂2
− + 4𝐻+ + 3𝑒− → 0.5𝑁2 + 2𝐻2𝑂 … … . . (8) 
The overall equation of nitritation-denitritation:  
𝑁𝐻4
+ + 1.5𝑂2 + 2𝐻
+ + 3𝑒− → 0.5𝑁2 + 3𝐻2𝑂 … … . (9) 
2.4 Emerging nitrogen removal technologies 
2.4.1 Adsorption/Bio-oxidation process 
Adsorption/bio-oxidation (A/B) refers to a two sludge process in which carbon is captured 
in stage A and incorporates similar configurations to achieve nutrient removal in stage B. As seen 
in Figure 2.3, stage A is a high rate activated sludge (HRAS) process that provides minimum 
aeration and effluent enters to intermediate clarifier from stage A, producing waste sludge. 
Supernatant from waste sludge passes to stage B, where biological processes are incorporated for 
nutrient removal (Sadowski 2015). Carbon removal in A stage is advantageous for single reactor 
high activity ammonium removal over nitrite (SHARON), DEdamMONification (DEMON), and 





Figure 2. 3 Adsorption/Bio-oxidation (A/B) process (Sadowski 2015) 
2.4.2 Nitritation- anammox 
An alternative route for biological nitrogen removal is known as the anaerobic ammonia 
oxidation (Anammox) process. In this process, in contrast to traditional nitrification where all 
ammonia is oxidized by oxygen, ammonia is oxidized by nitrite as an electron acceptor instead of 
oxygen, which is used in the conventional nitrification process, and the nitrite is reduced into 
nitrogen gas by ammonia instead of organic carbon as an electron donor which is commonly seen 
in the conventional denitrification process. The anammox process is a complete autotrophic 
nitrogen removal process performed by anammox bacteria. Anammox bacteria are characterized 
by an extremely slow growth rate resulting in a long start-up time compared to other nitrogen 





→ 1.02𝑁2 + 0.256𝑁𝑂3
− + 0.066𝐶𝐻2𝑂0.5𝑁0.15 + 2.03𝐻2𝑂 … … … (10) 
It is seen from the equation (10) that anammox bacteria use nitrite as an electron acceptor. 
Therefore, combination of nitritation and anammox (N-A) is considered as an excellent alternative 
approach to nitrogen removal since 55% of the ammonia is converted to nitrite during nitritation 
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and then the effluent can be used as feed for the anammox process (Ahn 2006). The N-A process 
is a complete autotrophic nitrogen removal process which could eliminate the need for   organic 
carbon for denitrification  and achieve 60% reduction in  energy demand (Figure 2.4).  The kinetic 
parameters for anammox process are listed in Table 2.6. 
 
Figure 2. 4 Nitritation anammox process (Ahn 2006)
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b (d-1) References 
SBR 1 Biomass suspension 35 
  
1.4 1.1 0.08 
 
0.0011 Dapena et al., 2004 
SBR 15 Granular  32 - 33 60 - 420 66 - 420 
  
0.0648 0.066 - 
0.11 
 
Strous et al., 2006 
Fixed 
bed 
0.2 Nonwoven fabric 
carrier 




Isaka et al., 2006 
Batch 0.6 Biomass suspension 25 10 - 400 10 - 400 96.4 56.4 
   
Marina et al., 2006 
SBR 2.2 Granules 35 ± 1 250 - 350 320 -430 25 21 
   
Tang et al., 2013 
EGSB 1 Granules 35 ± 1 113 - 662 140 - 767 36.7 0.66 
   
Chen et al., 2011 




Lotti et al., 2014a 








    
0.028 
 
0.001 Hao et al., 2002 
SBR 1 
 
20 319 ± 51 311 ± 58 
    
0.008 Scaglione et al., 2009 
SBR 3 Suspended 31 ± 1 15 -85 60 16.67 13.97 
   






   
Puyal et al., 2013 
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2.4.2.1 Microbiology of anammox 
Anammox bacteria have been found in different anoxic ecosystems, including marine, 
brackish, freshwater, and terrestrial environment where the anammox process significantly 
contributes to the loss of nitrogen (Brandes et al., 2007; Hu et al., 2013; Long et al., 2013; Oshiki 
et al., 2016). This bacteria is affiliated with Planctomycetes bacterial phylum (Stous et al., 1999b). 
To date, ninteen species and broadly six genera were identified in the anoxic environment. Figure 
2.5 shows the taxanomic group and biodiversity of anammox bacteria.  Different approaches of 
culturing including SBR (Strous et al., 1998), membrane bioreactor (Awata et al., 2013; Oshiki et 
al., 2011; Tsushima et al 2007b), and up-flow column reactor ( Kindaichi et al., 2007, Tshushima 
et al, 2007b) were applied to enrich anammox bacteria. Four different anammox species including 
Ca. Kuenenia’, ‘Ca. Brocadia’, ‘Ca. Jettenia’, and ‘Ca. Scalindua’ were reported as successful 





Figure 2. 5 Taxonomic group and biodiversity of anammox bacteria (Ali et al. 2015b) 
2.4.2.2 Enrichment of anammox biomass 
Enrichment of anammox is difficult due to the extremely slow growth rate and stringent 
metabolic conditions, which cause difficulty in culturing and limits the application of anammox 
based nitrogen removal in the wastewater treatment system. However, several studies were 
successfully enriched anammox from different seed sources (Wang et al., 2011; Chamchoi & 
Nitisoravut, 2007; Dong et al.., 2012). Wang et al., (2011) have used three different seed sludges 
to enrich the anammox in SBRs of 6.5 L working volume at the NLR range of 0.06 to 0.41 g N/L-
d  and 35 0C. A final nitrogen removal rate of 0.19 g NH4-N /L-d and 0.21 g NO2-N/L-d was 
achieved after 95 days, whereas the start-up of an anammox process was noticed after three months 
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in the above-mentioned study. A similar study was conducted by Chamchoi & Nitisoravut, (2007) 
using upflow anaerobic sludge blanket, activated sludge, and anaerobic digestion sludge as seed 
sludges in SBRs of 7 L working volume at 33 – 34 0C, and anammox activity was noticed after 
four months of operations with 80% ammonia removal efficiency. Dong et al. (2012) have studied 
the enrichment of  anammox bacteria  using three different seed sources, including activated sludge 
from landfill leachate treatment plant (S1), municipal sewage treatment plant (S2), and a 
monosodium glutamate (MSG) wastewater treatment plant (S3) in SBRs of 2.2L working volume 
at 30 0C.  However, culture S3 showed the maximum specific anammox activity (SAA) of 0.16 g 
N/g VSS- after 360 days of anammox enrichment.  
2.4.2.3 Factors affecting anammox growth 
Anammox is chemoautotrophic bacteria that uses alkalinity as the main carbon source. 
Anammox growth can be promoted by sufficient inorganic carbon. However,  high concentrations 
of organic matter (>300 mg/L of COD) frequently limit the anammox growth (Jin et al., 2012). On 
the other hand, old conventional views have held that anammox activity is inhibited at dissolved 
oxygen concentration (DO) as low as 0.032 mg/L (Strous et al., 1999), and recently anammox DO 
inhibition level is reported as 0.5 mg/L (Lackner et al. 2014). Other important factors are substrate 
concentration, temperature, and solids retention time (SRT). Both ammonia and nitrite are required 
as substrates for anammox growth. As a substrate, ammonia (for anammox) and nitrate (byproduct) 
do not appear to inhibit the anammox growth at a concentrations of less than 500 mg/L (Ma et al., 
2016). Fernández et al. (2012) investigated the short- and long-term effects of ammonia on the 
anammox process. In the above-mentioned study, specific anammox activity (SAA) decreased by 
about 50% at free ammonia nitrogen (FA) of 38 mg NH4-N/L for the batch experimental study 
using 38 ml of vial with working volume of 25 ml at shaking speed of 150 rpm and temperature 
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of 30 0C  and unstable anammox performance was found. The inhibition level of FA concentration 
of  25 mg NH4-N/L was observed for the long term  test using 5L SBR at 33 
0C for 200 days. It 
has also been reported that a high concentration of nitrite (>280 mg/L) completely inhibited the 
anammox and the anammox process was suboptimal when the nitrite concentration was higher 
than 140 mg N/L (Jin et al., 2012).   However, the inhibition range of nitrite may vary because of 
sludge type, different experimental conditions and operating modes. Table 2.7 lists the inhibition 
of FA and FNA for different operating conditions and sludge type. At 33 0C, SAA dropped by 
50% at FNA of 11 µg HNO2-N/L for biofilm anammox biomass and SAA dropped by 70% at FNA 
of 4.4 µg HNO2-N/L for suspended buimass (Farnandez et al., 2012). Inhibition level of FNA was 
estimated as 29.5 mg/L for suspended anammox biomass using anaerobic biological filtrated 
(ABF) reactor filled with nonwoven fabric carries at 37 0C (Isaka et al., 2007). Secondly, there is 
a significant influence of temperature on the anammox bacterial growth rate and its metabolic 
activity. The tolerable temperature range for anammox growth is 30 to 400 C (Jin et al., 2012). 
Since anammox is a slow-growing bacteria, it  can only be maintained when SRT is higher than 
the doubling time of 10 – 14 d (Jin et al., 2012).  
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Suspended ABF 0.2 37 7.2 3 Continuous 
 
29.5 Isaka et al., 2007 
Granular UASB 1.1 35 ± 1 6.8 9.1 Continuous 
 
19.8 ± 5 Tang et al., 2010 
Biofilm Closed vial 25 30 7.8 
 
Batch 38 11 Farnandez et al., 2012 




4.4 Farnandez et al., 2013 
Biofilm SBR 5 30 7.8 24 Continuous 25 0.7 -1.5 Farnandez et al., 2012 
Granular UASB 3.35 
 
7.8 - 8.5 24 Continuous 32 0.8 - 1.2 Jung et al., 2007 
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2.4.3 SHARON process 
The single reactor high activity ammonium removal over the nitrite (SHARON) process 
was first developed in the late 20th century at Delft university of Technology (Hellinga et al., 1998, 
Mulder et al., 2006). The system was operated at an HRT of 1.5 days and a temperature of 30 – 38 
0C (Liu et al., 2020). In this process, ammonia is removed via the nitrite pathway, i.e., ammonia is 
oxidized to nitrite through partial nitrification followed by denitrification of nitrite to nitrogen. As 
seen from Figure 2.6a, the SHARON process can save 25% of aeration cost and 40% of external 
carbon cost. Typically, this process consists of a single-stage completely mixed tank and aerated 
intermittently to accommodate sequential nitrification and denitrification (Figure 2.6b). To lower 
the aeration requirement, two separate tanks where one is for nitrification, and another one is for 
denitrification have also been used. The first full-scale operation of SHARON process was in 1997, 
and so far, twelve full-scale plants are operated in Netherland, France, the US, Sweden, 
Switzerland, and England for side stream nitrogen removal at 400 – 3500 kg N/d (Bowden et al. 
2015; Liu et al., 2020). Typically, an HRT of 0.75 days was employed in an anoxic tank for 
utilizing organic carbon for denitrification (Liu et al., 2020). Nitrification to nitrite in the SHARON 
process used less than two days of SRT when working around 37 0C (Gali et al., 2007). In 
sidestream treatment, the SHARON process can treat ammonium concentration of 1000 mg/L with 
50% removal efficiency and NO2-N concentration of 452.4 mg/L in effluent corresponding  to 
NO2-N/NH4-N ratio of 0.87 using a CSTR at an HRT of  1 day at 35 





Figure 2. 6 (a) Oxygen consumption and (b) partial nitrification and denitrification in SHARON 
process (Bagchi et al., 2012) 
2.4.4 CANON process 
Completely autotrophic nitrogen removal over the nitrite (CANON) process is a biological 
nitrogen removal process that removes ammonium from wastewater under oxygen-limited 
conditions containing low amounts of organic carbon (Zhang et al., 2004).  This process combines 
partial nitrification and anammox in a single reactor. Part of the ammonia is  oxidized to nitrite by 
nitrifiers under aerobic conditions, and the resulting nitrite and remaining ammonia are converted 
to dinitrogen gas by anammox bacteria (Zhang 2013). Zhang et al., (2013) have investigated 
nitrogen removal from domestic sewage in MBR-CANON system where DO was maintaned in a 
range of 0.1 – 0.2 mg/L at an HRT range of 8 to 1.9 h and SRT of 100 d for enriching aerobic 
AOB and inhibiting NOB. Xinhon et al. (2013) have investigated CANON process for nitrogen 
removal at an HRT of 1.25 h. DO was controlled at 0.02 mg/L from 0 – 46 d and intermittent 
aeration was applied to maintain the DO in the range of 0.3 – 0.5 mg/L from 47 –  59 d in the 





a combination of nitritation by AOB and anammox by anammox bacteria (Huynh et al., 2019). 
Typically, the CANON process is used to treat high strength ammonia concentration (> 400 mg/L) 
at high temperatures (> 30 0C). CANON comprising with CSTR with a working volume of 38.9L 
as a sidestream treatment at NLR range of 0.47 – 1.16 kg N/m3-d, pH range of 7.6 – 7.8, the 
temperature range of 25 – 32 0C was conducted with actual husbandry wastewater preheated by 
biogas anaerobic digester and achieved nitrogen removal efficiency of 78%. A typical CANON 
process is shown in Figure 2.7. 
Nitritation: 1.3𝑁𝐻4
+ + 1.95𝑂2 → 1.3𝑁𝑂2
− + 1.3𝐻2𝑂 + 2.6𝐻




− + 1.02𝑁2 + 2𝐻2𝑂 … … … … . (12) 
Overal process: 𝑁𝐻4
+ + 0.85𝑂2 → 0.445𝑁2 + 0.11𝑁𝑂3
− + 1.43𝐻2𝑂 + 1.13𝐻
+ … … … (13) 
 
Figure 2. 7 CANON process (Bagchi et al., 2012) 
2.4.5 DEMON process 
The DEamMONification (DEMON) process consists of two biological steps to remove 
nitrogen from wastewater. In the first step, ammonia is oxidized to nitrite by AOBs, and in the 
second step, ammonia and nitrite are converted to nitrogen gas by anammox as shown in Figure 
2.8 (Shaughnessy et al., 2008). The DEMON process was first developed jointly by the Achental-
Inntal-Zillertal Wastewater Treatment Association and the University of Innsbruck (Austria) (Liu 
et al., 2020) and is capable of removing nitrogen using 60% less oxygen and 100% less organic 
carbon (Shaughnessy et al., 2008). In this process, a hydro cyclone is used to separate the slow-
growing anammox bacteria and control the SRT for AOB and anammox (Wett et al., 2010). As 
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seen from Table 2.7, several studies successfully applied the DEMON process as a sidestream in 
the full-scale application. Although the DEMON process's mainstream application was introduced 
in Strass wastewater treatment plant (Austria), mainstream DEMON's operation is yet to succeed 
due to seasonal nitrogen and organic matter variations (Schaubroeck et al., 2015).   
 
Figure 2. 8 DEMON process (Bagchi et al., 2012) 
2.4.6 SNAD process 
Simultaneous partial nitrification, anammox, and denitrification (SNAD) refer to removing 
ammonium and organic matter from wastewater. It is mainly used to treat high strength ammonium 
concentration > 500 mg/L and high temperature > 30 0C (Zheng et al. 2016). SNAD was developed 
in Taiwan to treat leachate at a nitrogen loading rate (NLR) of 0.5 kg N/m3-d at a temperature of 
30 0C and SRT of 18 days, and DO of 0.2 -0.5 mg/L (Wang et al., 2010). In this process the 
majority of nitrogen was removed by anammox bacteria (Ju Lan et al., 2011). As seen in Table 
2.7, a lab-scale SNAD in SBR was operated at HRT of 3 – 9 days and 35 0C to treat synthetic 
wastewater containing an influent ammonium concentration of 200 mg/L and achieved a TN 
removal efficiency of 93 -96% at NLR of 0.2 – 0.7 kg N/m3-d. Three and four-stage-in-series 
suspended growth processes with gravity clarification were used by Colsen International b.v. in 
the Netherlands to accumulate nitrite in the first stage, achieve denitrification, and further polish 




Figure 2. 9 SNAD process (Wang-Yin et al., 2019) 
2.4.7 Aerobic granular sludge process 
The aerobic granular sludge (AGS) process is a promising alternative to the conventional 
activated sludge. In the AGS process, loose sludge flocs are transformed into dense granules (Wan 
et al., 2014). It offers several advantages, including high biomass retention, lower sludge 
production, better organic and ammonia removal, high potential for nutrient recovery, and short 
settling time (Li et al., 2013 Zhang et al., 2019). Therefore, the process is beneficial for the 
retention of slowly growing bacteria. The formation of AGS with a size range of 2 – 8 mm from 
conventional activated sludge (CAS) was first reported in 1991 (Mishima & Nakamura, 1991). To 
cultivate AGS, column reactors are inoculated with activated sludge and operated in SBR mode 
(Nancharaiah & Reddy, 2018). AGS was separated from treated water by means of sedimentation 
in the same reactor. Typically, 25 – 35 days is necessary to achieve a stable AGS from CAS (Zhang 
et al., 2019). As seen from Table 2.8, an aerobic granule CSTR with influent COD and ammonia 
concentration of 200 or 400 mg COD/L and 50 mg NH4-N/L at 25 
0C was studied for partial 
nitrification as a mainstream operation and achieved a high nitrite accumulation ratio (> 90%). 
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Wang et al. (2013) have conducted partial nitrification as a sidestream treatment using aerobic 
granule CSTR with influent COD and ammonia concentration of 1500 or 3000 mg COD/L and 50 
mg NH4-N/L at 28 
0C and achieved partial nitrification efficiency of 85% – 90% after 36 days of 
operation. Lab and full scale applications of AGS for partial nitrification  are listed in Table 2.8. 
 
 
Figure 2. 10 AGS process (Nancharaiah Y.V. & Sarvajith M., 2019) 
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Table 2. 8 Lab and full-scale application of partial nitrification 
Reactor 
type 













CSTR SHARON Lab Sidestream 35 ± 0.5 
 
700 ± 50 
 
6.5 - 
6.7 3 Continuous Gali et al., 2007 






Continuous Hellinga et al., 1998 
CSTR SHARON Full Sidestream 
  
1000 15 
   
Lackner et al., 2014 





8.2 1 to 5 Continuous Margi et al., 2007 




Continuous Milia et al., 2012 
CSTR SHARON Lab Sidestream 35 
 
500 - 2000 6.83 
 
Continuous Van Hulle et al., 2007 
CSTR SHARON Lab Sidestream 35 ± 1 
 
1383 < 0.34 8 ± 0.1 2 Continuous Yan & Hu, 2009 




0.3 Intermittent Lackner et al., 2014 
SBR DEMON Full Sidestream 
  
> 1000 1.8 6.8 0.3 Intermittent Lackner et al., 2014 
SBR DEMON Full Sidestream 
  
< 500 3.7 7 - 7.1 0.3 Intermittent Lackner et al., 2014 





7.1 0.35 Intermittent Lackner et al., 2014 






Lackner et al., 2014 
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7.1 0.25 Intermittent Lackner et al., 2014 




0.2 Intermittent Huynh et al., 2019 
MBR CANON Lab Sidestream 25  88  7 – 8  0.15  Zhang et al., 2013 




0.05 Continuous Lackner et al., 2014 
SBR SNAD Lab Sidestream 35 100 200 
 
7 to 8 0.5 - 1 
 
Ju Lan et al., 2011 




> 7 Continuous Wan et al., 2013 
CSTR Granule Lab Mainstream 25 200 or 400 50 4 or 8 
 
> 7 Continuous Wan et al., 2014 




2.5 Applications of the anammox process 
2.5.1 Operating Conditions  
Anammox based treatment is generally suitable for the treatment of ammonia-rich wastewater. 
In full-scale anammox reactors, typical NH4
+ concentrations are  in the range of 500 to 3000 mg/L 
and volumetric nitrogen loading rates (NLR) range vary from 0.1 to 7.0 kg N/m3-d based on 
biofilm (MBBR and granular) and two-stage systems (Lackner et al., 2014). The first full-scale 
anammox reactor in Rotterdam consisted of a  70 m3 reactor  operated at 500 kg-N/d corresponds 
to the NLR of 7 kg N/m3-d (Star et al., 2007).  For single-stage systems, the typical NLR range 
varies from 2-2.4 kg/m3-d (Ali et al., 2015b). Although anammox process is widely known to 
strictly proceed under anaerobic conditions with dissolved oxygen (DO) concentration below 
0.032 mg/L (Ma et al., 2016), However, most of the full-scale single-stage reactors are operated at 
DO ranging from 0.2 -1.5 mg/L (Ali et al., 2015b, Christensson et al., 2013). The first full scale 
ANITA Mox plant at Sundet WWTP consisted  of a 350 m3 reactor with  43% fill with Anox K5 
carries (Christensson et al., 2013). The reactor was operated at the NLR range of 0.91 – 1.23 kg/m3-
d. The DO in the above-mentioned plant was controlled from 0.5 mg/L – 1.5 mg/L with real-time 
DO control strategy, where nitrite production was maximized without further oxidation of nitrite 
to nitrate. The DO set-point was decreased when NO3-N/NH4-N ratio ws higher than 0.1 and vice-
versa, if the nitrate to ammonium ratio is lower than 0.1. To avoid oxygen contamination during 
the start-up phase, the inoculation work is performed under anaerobic conditions, and the medium 
is usually sparged using nitrogen or argon gas before feeding. The initial concentration of nitrite 
is a significant factor during start-up and should below the inhibition level (> 140 mg/L of N-NO3
-
). Anammox bacteria are also vulnerable to the inhibition of free ammonia (FA)  and free nitrous 
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acid (FNA). At a temperature of 300 C,  the pKa value of FA is 9.1 (Liu et al.,2017). At neutral 
pH, 1% of ammonia is ionized. Similarly, at a temperature of  300 C, the pKa of FNA is 3.29, 0.06 
% of the nitrite nitrogen is ionized. On the other hand, at 200 C and neutral pH, 0.5% of ammonia 
is ionized, and 0.09% of nitrite nitrogen is ionized.  Lower pKa of FNA  indicates that FNA is 
acidic and can easily dissociate to water. Thus low pH decreases the FA concentration but increases 
the FNA concentration and vice versa for high pH. The best performance for anammox enrichment 
is achieved within a  pH range from 7.5 to 8.5 (Ibrahim et al., 2015). The optimum temperature 
range is also between 30 – 40 0C (Jin et al., 2012; Ibrahim et al., 2015). Dosta et al., (2008) have 
investigated the effects of temperature on anammox process in a lab-scale 1-L SBR at HRT of 1 
day and NLR of 0.3 kg N/m3-d. An exponential increase of SAA from 0.05 g N/g VSS-d to 0.4 g 
N/g VSS-d was observed as temperature increased from 10 0C to 40 0C and at higher temperatures 
(>45 0C), an irreversible decline in SAA to 0.12 g N/g VSS-d occurred. On the other hand, 
anammox stability was lost, and nitrite started to accumulate at low temperature (<15 0C) (Dosta 
et al., 2008).  
2.5.2 Technological development of the granular anammox process 
Full scale application of anammox technologies has been developed as a single-stage (e.g., 
SHARON, CANON, DEMON, SNAD) or two-stage reactor systems (e.g., partial nitrification 
anammox, PN/A) (Kumwinba et al., 2020). PN/A process may be implemented in two separate 
configurations, including single-stage reactor and two-stage reactor. In the single-stage reactor, 
partial nitrification (PN) and anammox reactions are combined in one reactor. PN is operated in 
the first tank under aerobic conditions, and an anammox process is operated in second reactor 
under anoxic conditions in two-stage reactors. Compared to the single-stage PN/A process, the 
two-stage PN/A process is beneficial due to the separate enrichment of AOB and anammox 
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bacteria to avoid competition for nitrite by NOB and anammox. Moreover, PN/A in the two-stage 
reactor can be optimized independently. However, considering the initial and operating costs, 
nearly 90% of full-scale anammox installations were single-stage reactor. Table 2.7 shows the 
current status of full-scale anammox plants worldwide, where more than 50% of PN/A systems 
use SBR (Ali et al., 2015).  
In the CANON technology, PN and anammox reactions occur in a single reactor due to the 
ability to produce granular anammox (Kumwinba et al., 2020). Maintaining DO level is important 
in this technology because ammonium is oxidized to nitrite to produce an anoxic condition for 
anammox (Nielsen et al., 2015). Therefore, NOB is suppressed to prevent the oxidizing of nitrite 
to nitrate (Kumwinba et al., 2020).  However, the presence of organic matter in wastewater and 
low temperature (< 15 0C) could hinder the application of the CANON process for  mainstream 
treatment. Like CANON, the single-stage configuration is used in DEMON, where nitrogen is 
eliminated via an anammox pathway. More than 80% of DEMON systems are currently using SBR 
(Lackner et al., 2014), in which a cycle of aeration and no aeration are controlled by pH. Therefore, 
this technology can save 25% of energy costs (Kumwinba et al., 2020).     
2.5.3 Challenges of conventional granular anammox process 
The slow growth of anammox bacteria is one of the major bottlenecks in the anammox 
process's practical application. Typically, the maximum growth rate of anammox bacteria ranges 
between 0.028 – 0.065 d-1 (Cao et al., 2020; Dapena-Mora et al., 2004; Strous et al., 1998;) and the 
doubling time of anammox bacteria ranged between 7 – 14 days (Ali et al., 2015). Therefore, 
maintenance of sufficient anammox inside the reactors remains a major challenge in the anammox 
process. In addition to the slow growth rate of anammox bacteria, the major difficulties of applying 
the conventional granular anammox process to the mainstream wastewater stream are high C/N 
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ratio,  and low temperature. As typical wastewater has a high COD/N ratio of 10 – 20 (Metcalf & 
Eddy, 2004), anammox bacteria cannot compete with heterotrophic denitrifying bacteria resulting 
in lower anammox activity. Although the granular sludge is beneficial to improve biomass 
retention, the mechanical strength of anammox granular sludge is dependent on temperature and 
influent concentration of substrate (Ma et al., 2020). The size of anammox granular sludge 
decreased with the decrease in  the temperature 15 0C at an  NH4-N concentration of 50 mg/L 
(Wang et al., 2019). Furthermore, the efficiency of an anammox reactor depends on the 
temperature, with maximum nitrogen removal efficiency was observed at 35 - 37 0C (Ma et al., 
2020; Hu et al., 2013; Isaka et al., 2008). Application of mechanical shear force in reactor is one 
of the important selections to form granular sludge. A dominant granular size of 0.78 mm  with 
stirring speed between 30 rpm to 80 rpm was observed in 6L hybrid reactor (fixed-bed using 
nonwoven fabrics as biomass carrier and fluidized-bed with slow speed mechanical stirring) (Gao 
et al., 2012). However, an unstable fluidization as well as sludge washout in FBR packed with 
granular sludge was observed due to shear stress (Strous et al., 1997b). Application of full-scale 
anammox reactors is listed in table 2.9. 
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2.5.4 Fixed-film anammox process 
To retain sufficient biomass in the reactor, researchers have investigated fixed-film 
technologies, including membrane bioreactor (MBR), ANITA Mox utilizing moving bed biofilm 
reactor (MBBR) and integrated fixed-biofilm activated sludge (IFAS) reactor (Lackner, 2014; 
Kumwimba et al., 2020; Zhang et al., 2015). ANITA Mox process is a biofilm-based one-stage 
ammonia and total nitrogen removal process combining nitritation with anammox. Typically this 
process utilizes moving bed-biofilm reactor (MBBR), or IFAS. In ANITA Mox-MBBR, biofilm 
on the carrier grows on the inner layer, and AOB grows on the outer layer. AOB oxidize 
ammonium to nitrite in the biofilm (outer layer) aerobic zone, and anammox convert nitrite to 
dinitrogen gas (Lemaire et al., 2014). The advantage of this technology is 60% lower aeration, 
with no need for an external carbon source (Kumwimba et al., 2020). However, the main challenge 
in ANITA Mox MBBR is substrate mass transfer limitations. Martinez et al. (2021) have 
investigated an ANITA Mox  487 m3 reactor, 37.5%  filled with K5 seeding carriers (ANITA Mox 
Biofarm,  Sweden) at an ammonia loading rate of 0.62 kg N/m3-d and temperature range of 34 – 
40 0C at a full scale to treat reject water from anaerobic digesters and achieved ammonium removal 
efficiency of 80%.  Intermittent aeration with short aerated intervals and DO concentration of 1 – 
1.5 mg/L were maintained. However, a long start-up time of 160 days was required in the above-
mentioned study to achieve stable conditions.  
The IFAS ANITA Mox configuration is also beneficial for retaining the anammox biomass 
in the form of biofilm carriers (Lackner et al., 2014). This reactor allows physical separation 
between anammox biofilm and nitrifier-rich suspended sludge to control the sludge age 
independently (Lemaire et al., 2014). Therefore, this process offers an advantage to selective 
washout of NOB while retaining anammox biomass inside the reactor. Zhang et al. (2015) have 
conducted a pilot-scale IFAS with a working volume of 12 m3 and a range of carrier filling ratio 
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from 3% – 15%  to treat high strength ammonium concentration (255 – 705 mg/L) at 29 - 30 0C 
and ammonia loading rates of  0.05 – 1.3 kg N/m3-d. The IFAS system was divided into five equal 
zones by bafflers with an anoxic phase in the first phase, and the remaining zones were aerobic. A 
2 m3 cylindrical settling tank was used for activated sludge settling. A maximum of 70% total 
nitrogen removal efficiency at 0.44 kg N/m3-d was observed in the above-mentioned study. 
However, the segregation of anammox bacteria from biofilm was reported as one of the major 
disadvantages in mainstream treatment (Zhang 2015).  
A submerged MBR is one of the possible approaches to retaining the anammox bacteria. It 
can prevent the outflow of suspended cells (Jagersma et al., 2009; Tao et al., 2012, Gao et al., 
2009). Tao et al. (2012) have investigated the nitrogen removal performance using a 3-L MBR at 
NLR range of 0.04  - 0.25 kg N/m3-d at 31 0C and achieved ammonium and nitrite removal 
efficiencies of 78% and 90%. However, interruption of anaerobic conditions in submerged MBR 
due to biofouling was noticed as one of the significant challenges for the application of  this 
technology in mainstream treatment (Gao et al., 2009). Moreover, the membrane needs to change 
frequently while the effective life-span of memberane was 26 -35 days. 
2.5.5 Immobilization of anammox biomass 
Microbial immobilization technologies, particularly gel entrapment are widely used in a lab-
scale for biological nitrogen removal processes. The gel-entrapment technology mainly offers five 
major advantages: cell separation, less sludge production, high biomass content, short hydraulic 
retention time (HRT), and cell protection from extreme conditions (Isaka et al., 2007). Primarily, 
three different immobilization materials, including polyvinyl alcohol (PVA), sodium alginate 
(SA), and polyethylene glycol (PEG), were used in anammox entrapment. Table 2.4 shows the 
different immobilization materials for the anammox entrapment process used by several 
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researchers. Initially, immobilization support solutions were mixed with the same volume of 
anammox biomass, and thereafter, cross-linked agents were added to initiate the polymerization. 
Mechanical strength and durability of immobilized beads are two important factors in the practical 
application of immobilized anammox beads. Tuyen et al. (2018) have investigated the mechanical strength 
by increasing  stirring speed in PVA-SA beads from 500 rpm to 2500 rpm and observed that 80% of beads 
were broken at  speeds  at 2500 rpm after 24 hrs. The physical properties of beads depending on the type 
of solvent. The swelling of beads can be observed by using distilled water (DW) as a solvent. Takei et al. 
(2011) have investigated the beads' swelling by exchanging the DW daily at 30 0C and observed that 
swelling coefficients were inversely related to the mechanical strength. Although no detailed investigation 
of beads durability was conducted, Ali et al. (2015a) have faced difficulties with operating an up-flow 
column reactor incubated with immobilized anammox in PVA-SA beads after 35 days due to the 
vulnerability of beads.  Mechanical strength of four different immobilized beads including waterborne 
polyurethine (WPU), SA, PVA, and PVA-SA beads were investigated by stirring 20 granules in serum 
bottle containing 400 ml of DW at 600 rpm for 48 hour (Chen et al., 2015). Mechanical stability for the 
above mentioned beads were observed as WPU > PVA > PVA-SA > SA (from strongest to weakest). 
Different imobilization materials for anammox entrapment are listed in Table 2.10. However, no study so 
far been evaluated durability due to anammox activity. Moreover, no study has so far been conducted 
on the use of the mixture of silica with alginate for anammox immobilization, nor addressed the 
temporal variability in mechanical strength. 
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PEG (10%) SBR 2.4 - 
6.3 
8 20 30 0.4 TMA (0.5%), KPS (0.25%) 5.3 4 Furukawa et al., 
2009 
PEG (10%) CSTR 
 
1 30 35 0.24 TMA (0.5%), KPS (0.25%) 4.2 3.7 Isaka et al., 2007a 
PEG (10%) CSTR 2.4 0.5 20 30 2 TMA (0.5%), KPS (0.25%) 3.2 2.7 Isaka et al., 2008 
PEG (10%) SBR 4.4 - 12 2 20 30 0.4 TMA (0.5%), KPS (0.25%) 1.1 0.88 Isaka et al., 2013 
PEG (15%) 
 
4 1 30 30 0.88 TMA (0.5%), KPS (0.25%) 3 1.7 Isaka et al., 2011 
PEG (10%) CSTR 1.7 0.5 20 30 0.4 TMA (0.5%), KPS (0.25%) 1.8a 1.6b Kimura et al., 2010 
PEG (15%) CSTR 1.7 0.5 20 30 0.4 TMA (0.5%), KPS (0.25%)   Kimura et al., 2011 
PVA (15%), SA (2%)  CSTR 2 to 12 1 30 33 1.67 NaNO3 (50%), CaCl2 (2%) 12 1 Quan et al., 2011 
PVA (6%), SA (2%) UCR 0.42 0.01 70 37 0.16 - 1.67 CaCl2 (4%) 12.1 10.8 Ali et al., 2015a 
SA (2%) UCR 
 
2 10 32 
 
CaCl2 (4%)   Chen et al., 2015 
PVA (10%) UCR 
 
2 10 32 
 
H3BO3   Chen et al., 2015 
PVA (8%), SA (2%) UCR 
 
2 10 32 
 
CaCl2 (4%)   Chen et al., 2015 
PVA (15%), SA (2%) CSTR 3.19 1 30 35 0.2 CaCl2 (1%), KH2PO4 (0.5M) 1.3 1.1 Bae et al., 2015 
WPU (10%) CSTR 
 
2 10 32 
 
TMEDA, KPS,    Chen et al., 2015 
WPU (8%) UASB 17 
   
4 TMA (0.3%), KPS (0.2%)   Chen et al., 2016 
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• Potassium persulfate (KPS), tetramethylethylenediamine (TMEDA), polyethylene glycol (PEG), tetramethylenediamine (TMA), 
polyvinyl alcohol (PVA), sodium alginate (SA), waterborne polyurethane (WPU) 
• a – ammonia loading rate (kg N/m3-d) and b – ammonia conversion rate (kg N/m3-d)
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2.5.6 Emerging immobilization technology 
The full-scale application of immobilized anammox using polyethylene glycol (PEG) as 
prepolymer was  to treat high strength ammonium wastewater  (Isaka et al., 2017). The feed source 
in the above-mentioned study was collected from the ammonia plant effluent that contained a high 
concentration of methanol (200 – 400 mg/L) and ammonium (690 mg/L). Therefore, a 
pretreatment process for methanol removal was employed in the above-mentioned study. A 
detailed schematic diagram of the nitritation-anammox plant was given in Figure 2.11. As seen in 
Figure 2.11, a denitrification (DN) reactor (40 m3) and BOD oxidation (BD) reactor (65 m3) were 
installed to treat methanol to prevent  inhibition of nitrifiers. Nitritation (NT, 170 m3) and 
anammox (AX, 100 m3) reactors were followed by DN and BD reactors to treat ammonium 
nitrogen. Finally, nitrate produced by anammox was denitrified using a post heterotrophic 
denitrification reactor (30 m3) by the addition of methanol. The volume of gel carriers in the above-
mentioned reactors were 4 m3 for DN, 6.5 m3 for BD, 34 m3 for NT, and 20 m3 for AX reactors. 
Gel carrier was prepared using 10% (w/v) PEG, 0.5% (w/v) N,N,N',N'-tetramethylenediamine as 
promotor, 0.25% (w/v), potassium per-sulfate as initiator, and 2% (w/v) biomass. The anammox 
reactor in the above-mentioned study was run at NLR of 3.6 kg N/m3-d and HRT from 8 – 15 hr. 
The start-up time of the anammox reactor was noted as two months. An NRR of 3 kg N/m3-d was 
achieved by anammox reactor in the above-mentioned study. However, no detailed information 
about the durability and reseeding of beads were provided in the above-mention study. Hitachi, a 
company that worked in water environment solutions in Japan, uses a similar approach of 
immobilized anammox for nitrogen removal and proceeds with further research  (Akamatsu  & 




• Figure 2.11 Schematic diagram of full-scale anammox plant using gell carrier (Isaka et al., 
2017) 
2.6 Synopsis of the literature 
BNR process has been considered an effective approach over the past several decades to 
limit nitrogen discharges to water bodies. Organic matter and aeration, which are the two most 
important aspects in the BNR process, were the focus of research over past years. However, the 
discovery of anammox in early 1990 instigated  a new direction in nitrogen removal processes, 
which does not need any external carbon and reduces aeration energy. Significant research has so 
far been conducted on anammox or a combination of partial nitritation (PN) and anammox. 
However, the extremely slow growth rate and problems associated with the segregation of 
anammox bacteria from biofilm in fixed-film processes  are two major bottlenecks in the anammox 
process. Therefore, research on immobilized anammox in gel carriers gained significant attention 
for the last few years to retain the anammox biomass. Different kinds of immobilization materials 
like PVA, SA, the mixture of PVA and SA, PEG, waterborne polyurethane (WPU) were used to 
entrap the anammox biomass. Table 2.11 shows the performance  of gel-immobilized anammox 
biomass in different reactors. An up-flow column reactor of 10 ml working volume with 
immobilized anammox biomass in PVA-SA gel beads was tested to evaluate the minimum quantity 
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of start-up biomass at an HRT of 0.42 hr and NLR of 4.3-12.1 kg-N/m3-d (Ali et al., 2015c). The 
above-mentioned study reported that the gel immobilization method required a much lower seed 
biomass of 0.33 g-VSS/L than granular biomass of 2.5 g-VSS/L and achieved NRR of 10.8 kg-
N/m3-d after the 35-day operation. Bae et al., 2015 conducted an experimental study to evaluate 
CSTR performance at an HRT of 3.19 hr, and NLR of 1.26 kg-N/m3-d using anammox 
immobilized biomass (mixture of PVA and SA) and observed NRR of 1.12 kg-N/m3-d after 114 
days. Anammox immobilized in PVA cryogels was used in CSTR at a packed ratio of 20% (w/v), 
NLR of 0.5-2.8 kg-N/m3-d HRT of 2.6-11.7 hr to evaluate the deammonification of swine 
wastewater treatment (Margi et al., 2012). The nitrogen removal efficiency of 93% corresponding 
to NRR of 0.41-2.04 kg-N/m3-d was achieved after the 120 d of operation period. A maximum of 
5 kg-N/m3-d NRR was observed for a pilot-scale (0.1 m3 working volume) CSTR experimental 
study using immobilized anammox PEG (Isaka et al., 2011). On the otherhand, an SBR with 2L 
working volume was operated using anammox granular sludge at 35 0C and the NLR range of 
0.022 – 0.067 kg-N/m3-d in SNAD process and achieved  NRR in the range  of 0.02 – 0.061 kg-
N/m3-d. Chen et al. (2015) have investigated the nitrogen removal performance using anammox 
entrapment in four different support materials, including PVA, SA, the mixture of PVA-SA, and 
WPU in CSTRs with 0.44L working volume. Compared to the four support materials, WPU 
exhibited the best entrapment support with a higher mechanical strength of 6.1 kg/m2 and NRR of 
1.37 kg-N/m3-d after 100 days of operation at an HRT of 1.5 hr and NLR of 1.7 kg-N/m3-d. A 
maximum of 5 kg-N/m3-d NRR was observed for a pilot-scale (0.1 m3 working volume) CSTR 
experimental study using anammox immobilized PEG (Isaka et al., 2011). Biomass washout 
because of the production of nitrogen gas in  the anammox process is considered one of the major 
reasons for process failure (Chen et al., 2010; Dapena-Mora et al., 2004). Scrutiny of the nitrgoen 
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loadings for various anammox technologies listed in Table 2.9 indicates that they were mostly < 1 
kgN/m3-d, and even the fixed-film anammox processes discussed above barely operate above ths 
range. The performance data for the gel-immobilized anammox processes presented in Table 2.11 
indicates much higher loadings than 1 kgN/m3-d. Even though significant improvement of removal 
performance considering NLR and NRR (Table 2.11), as well as reduction of biomass washout, 
was observed using immobilized anammox gel beads, failure of the anammox process due to 
beads’ durability after 35 days of reactor operation(Ali et al., 2015) merits further research prior 
to the practical application of immobilized anammox gel beads. Moreover, immobilized anammox 
biomass technologies are limited to the sequential batch reactor (SBR), up-flow column reactor 
(UCR), and continuously-stirred tank reactor (CSTR). Few  studies using immobilized anammox 
in fluidized bed bioreactor (FBR) have been conducted. Landreau et al. (2020) have investigated 
ammonium removal performance using immobilized anammox as a carrier media in a small FBR 
(23 ml working volume) at 35% (v/v) packing ratio at 30 0C and observed a maximum NRR of 1.7 
g-N/m3-d corresponding to 85% removal efficiency. However, investigation in above mentioned 







Table 2. 11 Effect of immobilized anammox biomass on nitrogen removal performance 















Lab  UCR 0.01 0.42 PVA-SA  30 7.6-7.8 37 4.3-12.1 10.8 37 Ali et al., 2015c 
Lab  UCR 2 1.5-8 WPU 10 7.-7.8 32 0.33-1.7 1.37 100 Chen et al., 2015 
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Chen et al., 2015 
Lab  CSTR 2 3.19 PVA-SA 30 not controlled 35 0.32-1.26 0.23-1.12 114 Bae et al., 2015 




240 Takekawa et al., 
2012 
Lab  CSTR 1.4 2.6-11.7 PVA crygel 20 7.5-8.3 33 0.5-2.8 0.41-2.04 120 Margi et al., 2012 
Lab  CSTR 1 1.2-7 PEG 30 7.8 30 5.3 4 40 Furukawa et al., 
2009 
Pilot CSTR 100 4-4.5 PEG 20 7.6 30 5.4 5 224 Isaka et al., 2011 
Up-flow coloumn reactor (UCR), Sequencing batch reactor (SBR), continuous stirrerd tank reactor (CSTR)
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2.7 Knowledge gaps 
To date, anammox research was primarily limited to partial nitritation/anammox (PN/A) 
technologies. A balance between different microbial groups, including ammonia-oxidizing 
bacteria (AOB), nitrite-oxidizing bacteria (NOB) is necessary to apply the PN/A process 
successfully. The growth rates of AOB are higher than NOB, which makes the NOB washout 
possible in suspended growth by adjusting the SRT. However, that concept is not applicable for 
gel entrapment systems because the immobilized biomass can sustain microorganisms with varied 
growth kinetics due to the high SRT, which is primarily impacted by the difficult-to-control 
detachment.  Therefore, exploration of immobilized anammox for controlling SRT is beneficial to 
the process to avert the common problem of granular biomass shear. However, the major 
disadvantage of biomass immobilization is that transportation of substrates is rate-limiting; thus, 
reducing   the overall cells and activity. Moreover, beads’ integrity was noted as one of the major 
bottlenecks for the application of anammox immobilized gel beads in the wastewater field. Thus, 
the practical application of immobilized gel beads for slow-growing bacteria like anammox merits 
further investigation. Even though researchers have explored anammox performance using 
immobilized biomass, the use of immobilized anammox biomass is limited to SBR, UCR, and 
CSTR and few studies of FBR using immobilized anammox have been conducted. Immobilized 
anammox in FBR may offer several advantages, including non-toxicity to microorganisms, 
enhanced process efficiency, and resilience to overloading rates. However, the mechanism of 
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3.  Anammox enrichment: impact of sludge retention time (SRT) on 
nitrogen removal  
3.1 Introduction 
Anaerobic ammonium oxidation (anammox) has been regarded  as a promising biological 
nitrogen removal technology because of cost effectiveness, energy efficiency, and environmental 
friendliness (Ali et al., 2015, Zhan et al., 2017). Compared to conventional nitrogen removal by 
nitrification and denitrification, anammox can minimize the aeration cost, eliminate the need for 
external carbon , and lower  sludge production (Kartal et al., 2010 and Li-dong et al., 2012). More 
than 100 full-scale anammox plants have been constructed around the world to remove nitrogen 
(Ali et al., 2015). There are still some innate challenges in the practical application of anammox 
due to low biomass yield , slow biomass accumulation, and inhibition of microbial activity by 
environmental factors (Wang et al., 2020). Enrichment of anammox biomass from a mixture of 
bacterial populations necessitates the optimization of conditions which are favourable for 
anammox and limit the growth of other microbial populations. Therefore, rapid accumulation and 
retention of  active biomass is necessary for quick start-up and maintainenance of  stable anammox 
performance.   
The kinetics and stoichiometry of anammox are the two important factors for desigining 
and optimizing the anammox-based wastewater treatment processes (Zhang et al., 2017; Lotti et 
al., 2014). Although the relative consistency of stoichiometry in anammox metabolism has been 
observed during enrichment  (Strous et al., 1998, Lotti et al., 2014), the reported kinetic parameters 
of anammox bacteria in wastewater vary widely (Zhang et 2017; Star et al., 2008; Strous et al., 
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1999). As anammox bacteria is a slow-growing microorganism with a maximum specific growth 
rate of 0.072 d-1 (Depena-Mora et al., 2004), it is important to explore the growth kinetics during 
anammox enrichment using a reactor that minimizes the biomass washout. Different types of 
reactor configurations have designed and applied in both laboratory and full-scale  systems (Hu et 
al., 2006; Jin et al., 2008) with the sequencing batch reactor (SBR)   widely accpeted for anammox 
enrichment because it offers homogeneity of substrate, stability and reliability for long term 
operation, and efficient biomass retention (Li-dong et al. 2012). Chamchoi & Nitisoravut (2007) 
have reported that anammox enrichment from anaerobic digested sludge is possible using synthetic 
wastewater as feed source in  SBRs. However, the impact of SRT on nitrogen removal as well as 
anammox enrichment merits further investigation.  
Therefore, the aim of the current study was two-fold: A-evaluation  of  the impact of sludge 
retention time (SRT) ranging from on 30 to 1280 day on nitrogen removal using DEMON sludge 
in SBR; and evaluating the impact of SRT on specific anammox activity (SAA).. After the 
successful enrichment of anammox biomass, a suitable inoculum was selected for microbiological 
analysis using DNA sequencing methodologies for abundance and diversity of anammox bacterial 
in the enriched sludge.  
3.1 Materials and methods 
3.1.1 Seed sludge 
Seed sludge for the anammox enrichment was collected from the  DEMON plant  at  York 
River Treatment Plant, Seaford, VA, US.  The seed sludge was characterized by total suspended 
solids (TSS) and volatile suspended solids (VSS) concentrations of  107.6 gm/L and 33.7 gm/L 
respectively, as shown in Table 3.1.
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Table 3. 1 Operational conditions and steady state performance of SBR fed with SWW at 37 0C 
Parameters 
Phase I Phase II Phase III 
Phase Ia Phase Ib Phase Ic Phase IIa Phase IIb Phase IIc Phase IIIa Phase IIIb Phase IIIc 
Time of operation (d) 1 to 56 57 to 93 94 to 125 126 to 183 184 to 383 384 to 502 503 to 560 560 to 614 615 to 670 
Stable time   105 to 125 134 to 183 164 to 383 410 to 502 518 to 560 574 to 514 629 to 670 
Seed sludge characteristics  
TSS (g/L) 107.6 
VSS (g/L) 33.7 
NH4-N (mg/L) 320 
Working Volume (L)                                                                     5 
 
Feed flow rate (L/d) 0.25 0.25 0.25 0.5 0.5 0.5 2.5 2.5 2.5 
HRT (d) 20 20 20 10 10 10 2 2 2 
SRT (d)  1280 640 180 140 120 80 60 30 
Feed characteristics 
Sample # 27 56 48 
NH4-N (mg/L) 103.1 ± 2.3 105.1 ± 4 102.9 ± 5.4 
NO2-N (mg/L) 136 ± 3.4 138.7 ± 3.5 135.1 ±7.4 
NO3-N (mg/L) 3.4 ± 0.9 3.9 ± 1.6 4.6 ± 1.2 
NLR (mg N/L-d) 12.1 ± 0.22 24.8 ± 0.67 122.1 ± 4.7 
Effluent characteristics 
Sample # - - 7 16 23 12 11 13 12 
NH4-N (mg/L) - - 62.9 ± 1.9 44.2 ± 2.4 15.5 ± 2.0 10.5 ± 1.5 14.9 ± 2.7 7.5 ± 1.1 2.1 ± 0.9 
NO2-N (mg/L) - - 80.0 ± 4.4 57.0 ± 2.4 21.1 ± 3.8 21.1 ± 2.1 15.8 ± 1.4 9.2 ± 1.5 2.8 ± 1.4 
NO3-N (mg/L) - - 12.0 ± 1.4 14.6 ± 1.0 23.8 ± 1.3 23.4 ± 4.0 24.0 ± 2.0 23.8 ± 1.8 27.4 ± 2.3 
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NO2-N/NH4-N - - 1.40 ± 0.08 1.37 ± 0.08 1.31 ± 0.09 1.29 ± 0.03 1.38 ± 0.04 1.23 ± 0.05 1.29 ± 0.04 
NO3-N/NH4-N - - 0.19 ± 0.02 0.20 ± 0.01 0.22 ± 0.01 0.24 ± 0.05 0.21 ± 0.03 0.21 ± 0.02 0.23 ± 0.02 
NRR (mg N/L-d) - - 4.5 ± 0.26 12.4 ± 0.39 18.9 ± 0.83 19.6 ± 0.41 97.3 ± 1.7 99.8 ± 2.6 104.6 ± 2.1 
Removal efficiencies (%) 
Total nitrogen  - - 36.9 ± 2.3  51.7 ± 1.2  75.8 ± 2.9  78.0 ± 2.4  79.5 ± 2.1 83.1 ± 1.3 86.6 ± 2.6 
NH4-N  - - 39.4 ± 1.5 56.5 ± 2.1 85.4 ± 2.3 90.1 ± 3.5 85.3 ± 2.8 92.9 ± 1.9 98.0 ± 1.3 




3.1.2 Influent composition 
The synthetic medium used in the current study contained; NH4-N (99 - 107 mg /L), NO2-
N (128 - 141 mg N/L), CaCl2 (100 mg/L), MgSO4 (300 mg/L), KH2PO4 (30 mg/L), KHCO3 (500 
mg/L), 1 ml/L of trace element solution I including 5 g/L each of EDTA and FeSO4  and 1 ml/L 
of trace element solution II including EDTA 15 g/L, ZnSO4.7H2O 0.43 g/L, CoCl2.6H2O 0.24 g/L, 
MnCl2.4H2O 0.99 g/L, CuSO4.5H2O 0.25 g/L, NaMoO4.2H2O 0.22 g/L, NiCl2.6H2O 0.19 g/L, 
NaSeO4.10H2O 0.21 g/L, and H3BO4 0.014 g/L (Bae, et al., 2015 and Van de Graaf et al., 1995). 
The concentrations of NO2-N and NH4-N were constant throughout the study. Synthetic 
wastewater was prepared twice in a week to avoid the change in feed composition because of any 
biological activitiy. The ratio of NH4-N to NO2-N in the synthetic medium was maintained at 1.32 
which was close to theoritical stoichometric ratio (Dapena-Mora et al., 2004). Synthetic medium 
container was purged with pure nitrogen to expel dissolved oxygen. 
3.1.3 Reactor set-up and operation 
Seed sludge was dilluted four times to reduce mixed liquir volatile suspended solids 
(MLVSS) from 33.7 g/L to 8.4 g/L. The SBR was inoculated with diluted MLVSS   for the 
enrichment of anammox as depicted in Figure 3.1.  The 5-L working volume SBRs (Figure 3.1) 
was used and sealed to maintained anaerobic conditions. Outlet sampling ports  were made to 
collect samples, and purge nitrogen gas. Pure nitrogen was used to flush the air above the water 
column to maintain anaerobic conditions.  The reactor was operated at 37 0C, with temperature 













Figure 3. 1 Schematic diagram of sequencing batch reactor for anammox enrichment  
3.2.4 Sampling and analysis 
Influent and effluent samples were initially (day 1 to day 100) collected once a week due 
to the slow growth of the anammox culture. Later, samples collection frequency was changed to 
twice a week. Samples were prepared by filtering through a 0.45 µm filter paper (VWR 28145 -
503) to analyze soluble parameters including ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-
N), nitrite nitrogen (NO2-N), soluble COD, and soluble nitrogen (SN).  Total suspended solids 
(TSS) and VSS were measured from 10 ml water samples by filtering through a 1.2 µm filter paper 
and a pre-weighted dish (APHA, 2005 Methods No 15.4). Hach methods 10031 (Salicylate 
method), 8153 (Ferous Sulfate method, and 10020 (chromotropic method) were used to analyze 
NH4-N, NO3-N, and NO2-N. TCOD, and SCOD were measured using COD digestion reagent vials 
(method 8000). Persulfate digestion method (method 10071) was used to analyze total nitrogen 










parameters except TSS and VSS.  Disolved oxygen (DO) was measured using Thermo Scientific 
STARA 2230 portable meter (Cole-Parmer, Canada).  
3.2.5 Microbiological analysis 
Microbial community analysis on biomass were conducted on day 607 at an SRT of 60 
days.  The samples were concentrated using high speed centrifuge at 15000 rpm (J2-HS centrifuge, 
Beckman Coulter, USA) and sent to Microbe Detectives LLC® for microbes detection and DNA 
extraction. A single-step PCR (30 cycle) was performed using a HotStarTaq Plus Master Mix Kit 
(qiagen, USA) under the same conditions: 94°C (3 minutes), followed by 30 cycles (5 cycle used 
on PCR products) of 94°C (30 seconds), 53°C (40 seconds) and 72°C (1 minute), followed by an 
elongation step at 72°C (5 minutes) that was followed by Zaman et al., (2020). According to the 
manufacturer’s guidelines, an Ion Torrent PGM was used for sequencing. To processing the 
sequence data, propietary analysis pipeline was used. In summary, the following orders were 
maintained in microbiological analysis: sequences were depleted of barcodes and primers, 
sequences <150bp removed, sequences with ambiguous base calls and with homopolymer runs 
exceeding 6bp were also removed, sequences were denoised, Operational taxonomic units (OTUs) 
generated (OTUs were defined by clustering at 1% divergence, 99% similarity) and chimeras 
removed, and taxonomical classification of OTUs were conducted using BLASTn against a 
database derived from the RDPII (http://rdp.cme.msu.edu) and NCBI (www.ncbi.nlm.nih.gov). 
3.2.6 Statistical analysis 
 Excel  was used to conduct T-tests and regression analysis. T-tests assessed the significance 




significance was determined with a probability (p) value i.e. p < 0.05 corresponding to a 95% 
confidence level.  
3.3  Results and discussion 
3.3.1  Reactor performance 
Synthetic wastewater at an NLR of 12.1 mg N/L-d was fed progressively to the SBR in the 
first 125 days until the anammox activity was observed. Operational conditions and steady state 
data of SBR at 37 0C are given in Table 3.1. For the first 56 days, SRT was not controlled as there 
was no sludge wastage in order to retain the biomass in reactor. Control of SRT started  from day 
57 by wasting sludge and 8 different SRTs including 1280 day, 640 day, 180 day, 140 day, 120 
day, 80 day, 60 day, and 30 day were maintained from day 57 to day 670. Three different HRTs 
of 20 days, 10 days, and 2 days were maintained. It must be asserted that due to the long SRTs, 
steady-state as defined by operation for > 3 turnovers of the mean SRT was not the main criteria 
for change of loadings. Instead, performance stability, as reflected by effluent quality, was the 
main criteria for operational changes. Thus, the data from the stable operational period identified 
in  Table 3.1 was used for analysis.  In anammox , the molar ratios of consumed NO2-N to 
consumed NH4-N and produced NO3-N to consumed NH4-N reflect the anammox activity. As 
apparent from Table 3.1, all the aforementioned ratios ranging from 1.23 to 1.4  NO2-N/NH4-N, 
and 0.19-0.24 NO3-N/NH4-N  were close to the theoretical stoichiometric ratios of 1.32 for 
ΔNO2/ΔNH4 and 0.26 for ΔNO3/ΔNH4 (Strous et al., 1998; Lotti et al., 2014), indicating that 
anammox biomass was responsible for the nitrogen removal. As seen from Table 3.1, NLR was 
maintained at 24.8 mg N/L-d from day 125 to day 502 and 122.1 mg N/L-d from day 503 to day 
670. The activity of  anammox bacteria resulted in NRR of 4.2 mg N/L-d after 94 days and peaked 




gradually decreased, which can be explained by the heterotrophic denitrification. Disolved organic 
carbon that was present in seed sludge at an  initial total COD of 14.1 gm/L, gradual decay of 
organic material and cellular biomass  contributed to drive heterotrophic denitrification. Increasing 
trend of NRR was observed, as shown  in Figure 3.2,  after 94 days indicating that  organic material 
was depleted and nitrogen removal took place autotrophically. A similar trend was noticed by 
Hendrick et al., (2014) during anammox enrichment from activated sludge at an NLR of 33.4 mg 
N/L-d in a 4.2 L SBR. The nitrogen removal rates in phase II were 12.4 mg N/L-d, 18.9 mg N/L-
d, and 19.6 mg N/L-d at SRT of 180 day, 140 day, and 120 day, respectively. However, the NRR 
peaked to 104.6 mgN/L-d at an NLR of 122.1 mg N/L-d and SRT of 30 days.  
 
Figure 3. 2 Nitrogen loading and removal rate in anammox enrichment reactor operated at 37 0C 
3.3.2 NH4-N and NO2-N concentration 
Figure 3.3 shows the temporal variations of NH4-N, NO2-N, and NO3-N concentrations 


































concentration of 104.1 ±  4.7 mg/L. Based on the experimental results, NH4-N and NO2-N 
concentrations could be divided into three stages. In the first stage, NH4-N concentrations in the 
effluent were higher than that in the influent for the first 56 days. The additional effluent NH4-N 
concentrations were observed beacause of high concentration of NH4-N in the seed sludge of 320 
mg/L. Furthermore, cell lysis and breakdown of organic nitrogen to NH4-N (Chamchoi & 
Nitisoravut, 2007) can contribute to ammonia concentrations. 
 
Figure 3. 3 Temporal variations of nitrogen concentrations during 670 days of operation  
Figure 3.4 shows the effluent nitrogen and SCOD concentrations for the initial 105 day. 
SCOD gradually decreased from 1410 mg/L to 20 mg/L with time whereas effluent NH4-N 
concentrations were close to influent ammonium concentrations until day 89. On the other hand, 
effluent NO2-N concentrations were less than 6 mg/L and effluent NO3-N concentrations were 
almost zero until day 57 indicating that heterotrophic denitrifiers oxidized nitrite to nitrogen gas. 
Effluent NO2-N concentrations increased slowly to 112 mg/L on day 79 which was close to 
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effluent NH4-N and NO2-N concentrations remained close to influent NH4-N and NO2-N 
concentrations from day 80 to day 92. Figure 3.5 shows the nitrogen removal efficiencies for the  
670 days of anammox enrichemnt. As seen from figure 3.5, during the first 89 days,  removal of 
NH4-N nitrogen was negative because of higher effluent NH4-N concentration than influent 
whereas removal of NO2-N nitrogen was almost 100%. This indicates that heterotrophic 
denitrifying bacteria was the dominant species  controlling the nitrogen removal activity in stage 
I.  From day 57 to day 86 in stage Ib,  the effluent NH4-N concentrations were close to influent 
NH4-N concetration. Effluent NO2-N and nitrate concentrations started to increase from 5.8 mg/L 
to 105 mg/L and 0.5 mg/L to 6.8 mg/L, respectively as the activities of denitrifying bacteria 
declined. As seen from Figure 3.5,  NH4-N removal efficiency was 0% whereas NO2-N removal 
efficiencies declined in stage Ib.  
 







































Figure 3. 5 Temporal nitrogen removal efficiencies of SBR during anammox enrichment  
From day 87 to day 670, effluent NH4-N concentrations were lower than influent NH4-N 
concentration. The effluent concentrations of NH4-N started to decrease  from 100.1 mg/L on day 
87 to 0.5 mg/L after 660 days. The average effluent NH4-N concentrations were noted as 62.9 
mg/L, 44.2 mg/L, 15.5 mg/L, 10.5 mg/L, 14.9 mg/L, 7.5 mg/L, and 2.1 mg/L in phases Ia, Ib, Ic, 
IIa, IIb, IIc, IIIa, IIIb, andIIIc, respectively whereas avergae influent NH4-N contrations were 104.1 
mg/L for the entire experiment. In this stage, a complete reduction of NO2-N was observed with 
effluent nitrites reaching 1.1 mg/L after 670 days. As seen from figure 3.5, removal of  NH4-N, 
NO2-N, and total nitrogen (TN) concentrations gradually increased from day 87 and remained 
stable for the remaining periods except when the operating conditions were changed. Moreover, 
the concentration of NO3-N reached 32.2 after 670 days and the conversion ratios were in the range 
of 0.13 to 0.28 which is close to anammox stoichimetric ratio of 0.26 (Hendrick et al., 2014). 



















1.1 mg/L. A leak in the reactor was identified on day 495 which may have increased the DO 
concentration. Therefore, all of the NH4-N was converted to nitrate at high DO. .    
3.3.3 Phylogenetic analysis of anammox bacteria 
To analyse the microbial communities in cultivated sludge, a  sample was collected from 
SBR after 607 days and centrifuged. DNA seequencing methodologies were used to identify the 
bacterial community compositions. The composition of bacterial community showed that the 
majority was Anammoxoglobus  (relative abundance of 30.6%), and second largest community 
was Rhizobiales of 18.2% which is capable of denitrification (Baytshtok et al., 2009; McIlroy et al., 
2016) and have often been found in anammox reactors (Persson et al., 2017).  The sequences of 
Fibrobacteracea, Alteromonadales, Anaerolineaceae, Ignavibacterium, and Clostridiales were 
present in relative abundances of 9.3%, 9.0%, 5.1%, 3.5%, and 2.5%, respectively. 
Alteromonadales, Anaerolineaceae, Ignavibacterium, Clostridiales are the functional genera 
closely associated with nitrogen removal in denitrification as heterotrophic denitrifiers (Brialo et 
al., 2019, Cao et al., 2020, Griebmeir et al., 2017; Song et al., 2020). Clostridiales was detected in 
a denitrification reactor treating marine aquaculture wastewater (Song et al., 2020). Griebmeir et 
al., (2017) reported that Ignavibacterium was prsent in a denitrification reactor with wood chip as 
a carbon source. Cao et al., (2020) have reported the prsence of Anaerolineaceae which thrived in 
anoxic/anaerobic environment using low-molecule organic matter as a carbon source for 
denitrification. . Alteromonadales contributed 3.2% of total abundance  in dentrification reactor 
with marine sea water as a carbon source (Brialo et al., 2019). The anammox bacterial community 
in the cultivated sludge was composed of  Anammoxoglobus and Planctomycetes. These phylas 
include most of the bacteria that are capable of performing anammox in wastewater treatment 




(AOB) of 0.19% coexisted with anammox bacteria showed the successful cultivation of anammox 
biomass which is solely responsible for nitrogen removal. Fuji et al., (2002) have conducted an 
up-flow column reactor with a working volume of  2.7 L using nonwoven porous polyster material 
as a carrier media at a packing ratio of 90% and NLR of 820 mg N/L-d to treat  SWW containing 
influent ammonium and nitrite concentrations of approximately 250 mg/L. The reactor was 
operated for more than 365 days to characterize the microbial community in the biofilm on carrier 
media and observed the two anammox species i.e. Anammoxoglobus and Planctomycetes 
accounted for 33% of the total micrboial population close to the 38% after enriching anammox in 
above-mentioned study. Egli et al., (2003) have investigated the microbial community in the 
biofilms of the rotaing biological contactor (RBC) in the second compartment of the treatment 
plant treating ammonium-rich (up to 500 mg/L) wastewater from hazardous waste landfill in 
Kolliken,  Switzerland and observed anammox820-stainable cells of 33%, Bacteroidetes of 7.6%, 
Nitrosomonas of 30%, and Nitrospira of  5%. However, no detailed information about reactor’s 
operational conditions was provided in above-mentioned study. Chao et al., (2010) have 
investigated nitrogen removal performance and microbial community in an anaerobic up-flow 
granular bed anammox reactor using SWW containing ammonium and nitrite concentrations in a 
range of 100 mg/L to 300 mg/L, and 60 mg/L to 300 mg/L, respectively as a feed source. The 
reactor was operated for more than one year and observed 33.3% of Candidatus Brocadia which 
is a mono species of anammox bacteria and 35% of Chloroflexi .  It is thus evident from the results 
of this study and others that despite the very long enrichment of anammox bacteria, even with 
synthetic wastewaters, denitrifiers still persist. This may be attributable to their much higher 





Figure 3. 6 Composition of major bacterial community at the phylum level in the samples retrieve 
after 607 days of enrichment 
3.3.4 Impact of SRT on anammox enrichment 
SRT is the most improtant parameter in bioreacor design, as it influences both reactor size 
and bacterial growth rates. Typically, the design SRT is determined by applying a safety factor to 
the minimum SRT determined from microbial kinetics. Thus, typically the longer the SRT is the 
greater is the process robustness. For the enrichment of slow growing bacteria, the application of 
an overly long SRT, despite conforming to bioreactor design prinicples, may be counter-
productive, as it slows biomass growth.  Figure 3.7(a) and 3.7 (b) show the temporal variation of 
VSS concentrations for 0 to 383 days and 383 to 670 days. From day 0 to day 125, VSS 
concentrations decreased rapidly from 8.4 g/L to 1.2 g/L  whereas VSS concentration decreased 
slowly from 1.2 g/L to 0.19 g/L from day 126 to day 502.. However, as seen from Figure 3.7 (b), 
VSS concentrations increased slightly from 0.19 g/L to 0.26 g/L from day 503 to day 670 
indicating that at SRT greater than 80 days, biomas decay was more predominant than biomass 
growth. During this period, the observed biomass yield was estimated as 0.12 ± 0.04 (12) mg VSS/ 
mg NH4-N which is close to the previously found observed biomass yield of 0.11 mg VSS/ mg 
















NH4-N (Strous et al., 2006). Therefore, an SRT of 80 day or less and HRT of 2 day as well as NLR 
of 122.1 mg N/L-d may contribute to enrich the anammox biomass in SBR. It is noteworthy that 
as discussed above the NRR increased with time despite the decrease in biomass concentration.  
 
 




































































To investigate the activity of anammox in the SBR, the specific anammox activity (SAA) 
was calculated by normalizing removal rates of nitrogen (g N) with anammox biomass (g VSS).  
Figure 3.8 shows the diurnal variation of SAA for the entire experiment. As seen in Figure 3.8, 
SAA gradually increased from 0 g N/g VSS-d to 0.03 g N/g VSS-d from day 0 to day 503 and 
peaked at  0.22 g N/g VSS-d on day 530 while SRT and HRT decreased  from 120 day to 80 day 
and 10 day to 2 day, respectively. However, SAA remained close to 0.21 g N/g VSS-d for the 
further reduction of SRT from 80 day to 30 day. Dong et al., (2012) have operated  an SBR with 
a working volume of  2.2 L at an HRT of 3 days and temperature of 30 0C to enrich anammox 
using monosodium glutamate (MSG) as a seed sludge. MSG wastewater was diluted with 20 – 30 
times (undiluted ammonium concentration of 700 mg/L) and supplemented with nitrite 
concentration of 58 mg/L and estimated maximum SAA of 0.16 g N/g VSS-d at 30 0C 
corresponding to 0.25 g N/g VSS-d at 37 0C after 420 days of operation in above-mentioned study, 
which is close to the estimated average SAA of 0.21 g N/g VSS-d from day 510 to day 670 in 
current study. To calculate the SAA at 37 0C, a temperature correction factor of 1.07 for anammox 
biomass was used (Sobotka et al., 2016). However, no detail information about SRT was provided 
in above-mentioned study. Hendrickx et al., (2014) have operated  an 4.2-L SBR at an HRT range 
from 1.8 day to 4.2 day, NLR range from 14.3 mg N/L-d to 32.9 mg N/L-d and temperature of 10 
0C using activated sludge (municipal wastwater treatment plant) as a seed source and SWW 
containg ammonium and nitrite concentrations at  30 mg/L. Average SAA from day 412 to day 
680 was estimated as 0.04 g N/g VSS-d at 10 0C, corresponding to 0.06 g N/g VSS-d at 37 0C in 
above-mentioned study which is significantly lower than the estimated average SAA of current 
study. It is evident that for very slow growing microorganisms, the success of enrichment cannot 




the basis of activity. Furthermore, based on the stability of SAA in Phase III as depitcted in Figure 
3.8, ideally anammox bacteria should be enriched at SRTs ranging from 30-80 days and nitrogen 
loading rates of 122.1 mg N/L-d. T-test conducted on the estimated SAA confirmed that the 
difference between the SAA at NLR of 24.8 mg N/L-d and SAA at NLR of 122.1 mg N/L-d were 
significant at the 95 percentile confidence level.  
 
Figure 3. 8 Temporal variation of specific anammox activity   
 
3.3.5 Kinetics of nitrogen removal 
The kinetics of anammox bacteria in SBR were determined using the linearized form of 




























































Where, V is the reaction rate (mg N/L-d), k is the maximum specific substrate utilization rate (mg 
substrate/mg VSS-d), X is the anammox concentration (mg/L), S is the growth limiting substrate 
concentration in solution (mg/L), and 𝐾𝑠 is the half-saturation constant (mg/L). 
The maximum specific growth rate (µ𝑚𝑎𝑥) and specific biomass growth rate of anammox bacteria 
were determined using equation 3 and 4, respectively (Metcalf & Eddy, 2003). 




… … … … … … . . (4) 
where, µ𝑚𝑎𝑥 is the maximum specific growth rate (d
-1), 𝑘 is the maximum specific substrate 
utilization rate (mg N/mg VSS-d), Y is the biomass growth yield (mg VSS/mg N), and µ is the 
specific biomass growth rate (d-1). The maximum specific growth rate can be calculated by 
dividing the maximum volumetric substrate removal rate (mg N/L-d) by biomass concentration in 
SBR (mg/L). S was calculated as the  average effluent concentrations of two consecutive days. 
Figure 3.9 shows the linear fitted curves for three different SRTs to estimate the kinetic coeficients 
for anammox process. The estimated kinetic coefficients are listed in Table 3.2. The maximum 
ammonium and nitrite utilization rates of anammox biomass were 0.56 mgNH4-N/mgVSS-d and 
0.56 mgNO2-N/mgVSS-d, respectively at SRT of 30 day. Half saturation constants (Ks) were 
estimated for ammonium and nitrite were in the range of 15.8 – 34.6 mg/L and 21.2 – 39.7 mg/L, 
respectively. Both constants were also close to the typical range of Ks of 25 - 36 mg NH4-N/L and 
0.66 – 21 mg NO2-N/L (Marina et al., 2016; Hao et al., 2002; Dapena-Mora et al., 2004). Since 
the average effluent concentrations were less than Ks values for both ammonium and nitrite in 




estimated using Ks and the average effluent concentrations of ammonium and nitrite. As expected, 
specific growth rates of anammox in enriched sludge decreased  with SRT and maximum specific 
growth rate was estimated as 0.062 d-1 at an SRT of 30 days which is close to the previously 
observed anammox growth rate of 0.057 d-1 at SRT of 100 day (Li-Dong et al., 2012) and within 
the typical range of µmax of 0.028 – 0.08 d-1 (Hu et al., 2002; Dapena-Mora et al., 2004).   The calculation 
of different maximum specific growth rates at the different SRTs is interesting since fundamentally 
the specific growth rate rather than the maximum growth rate should change with SRT. Using the 
estimated µ and µmax, the average first-order decay rate using all three conditions was 0.008 d
-1, at 
the top of the reported range of  0.001 – 0.008 d-1 (Dapena-Mora et al., 2004 and Scaglione et al., 
2009).. While the different µmax at the different SRTs may suggest a microbial shift, such a shift 
may be plausible even considering the SWW, only if over the long duration of this enrichment 
process, the decay contributed to the disappearance of the relatively slower anammox bacteria.    
  






























Figure 3. 9 Fitted curves for 1/V vs 1/S (a) SRT: 30 day and substrate: NH4-N (b) SRT: 30 day 
and substrate: NO2-N (c) SRT: 60 day and substrate: NH4-N (d) SRT: 60 day and substrate: NO2-

























































Table 3. 2 Kinetic coefficients of the anammox biomass in SBR at 370 C 



























30 6.60 0.56 15.8 0.062 0.023 11.6 0.56 21.2 0.061 0.024 
60 10.5 0.21 16.4 0.024 0.010 18.1 0.29 24.0 0.031 0.013 
80 21.5 0.10 34.6 0.011 0.005 35.6 0.17 39.7 0.014 0.007 
3.4  Summary and Conclusions 
Anammox biomass from the Demon plant, at York River treatment facility was  enriched 
in an SBR with synthetic wastewater for 670 days. Microbial analysis of the enriched biomass 
after 670 days showed that anammox species of Anammoxoglobus (30.6%) was the dominant 
species, despite the significant presence of various heterotrophic denitrifiers. From the reactor 
performance data, the activity of anammox biomass started after 93 days considering the 
stoichiometric ratios of ΔNO2/ΔNH4 (1.31) and ΔNO3/ΔNH4 (0.22) in SBR, after soluble COD 
decreased from 14,100 mg/L to 20 mg/L due to heterotrophic denitrification of nitrites . The 
following summarises the main findings: 
• A maximum removal efficienies of  total nitrogen of 86.6%, NH4-N of 98.0% and NO2-N 
of 97.9% were observed at an NLR of 122 mg/L-d and SRT of 30 days. 
• Specific anammox activity gradually increased from 0 g N/g VSS-d to 0.03 g N/g VSS-d 
from day 0 to day 503 and peaked to 0.22 g N/g VSS-d on day 530 as the  SRT and HRT 
decreased  from 120 days to 80 days and 10 days to 2 days, respectively. SAA remained 




• VSS concentrations decreased rapidly for the initial 125 days, and then  slowly from day 
126 to day 502. A slight increase of VSS concentrations from 0.19 g/L to 0.26 g/L from 
day 503 to day 670. VSS concentrations during anammox enrichment indicated  that an 
SRT of 80 day or less and HRT of 2 day corresponding to a nitrogen loading rate of 122.1 
mg N/L-d is suitable to enrich the anammox biomass in SBR. Contrary to the common 
principles of bioreactor design, a conservative SRT was not conducive to biomass 
enrichment. 
• T-test conducted on the estimated SAA confirmed that the difference between the SAA at 
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4 Denitrification of synthetic wastewater using encapsulated return 
activated sludge 
4.1 Introduction 
Microbial encapsulation technologies in biological wastewater treatment systems not only 
offers a high cell concentration in the reactor tank for increasing efficiency, but also facilitates 
solid-liquid separation in settling tank (Song et al., 2005). Encapsulated biomass is broadly used 
in wastewater treatment to remove nitrate (Ma et al., 2015 and Dong et al., 2017). Among the 
various method, encapsulated biomass in gel beads which enclose cells in a proper support matrix 
are the most common encapsulation approach in biological wastewater treatment process. The 
advantages of encapsulation include ease of cell separation, less sludge production, short hydraulic 




washout risk, and better treatment process capacity (Isaka et al., 2007 and Magri et al., 2012). 
Encapsulation is defined as a process of confining active compounds within a polymeric matrix in 
particulate form. Alginate is one of the most widely used polymeric materials for encapsulation.  
It can form thermally stable and biocompatible hydrogel beads in the presence of a calcium cation. 
In order to achieve the enhanced reactor efficiency, investigation of encapsulated biomass activity 
is essentially required in wastewater treatment process. The objective of this study, therefore, was 
to determine the specific denitrification rate using microbial immobilization techniques such as 
attachment and gel carrier entrapment. For this purpose, a non-toxic immobilization technique 
using two different percentages (w/v, 2% and 3%) of sodium alginate (SA) solution at two different 
COD to NO3-N (COD/N) were employed for batch experimental analysis. 
4.2 Methodology 
The seed sludge was the return activated sludge (RAS) obtained from the Greenway 
wastewater treatment plant, London, ON. Immobilization support solutions of 3% (w/v) of SA 
were mixed with an equal volume of RAS on a hot stirrer at 700 C. The volatile suspended solids 
(VSS) of RAS was 4.5 g/L and the ratio of VSS per gm of encapsulated biomass was 0.01. The 
mix solution was extruded through a capillary and dropped into a solution of 5% (w/v) CaCl2 by 
using a peristaltic pump equipped with a plastic tube and 1ml tip as shown in Figure 4.1a. In order 
to minimize the diameter of gel beads, a constant airflow was applied, and spherical gel beads 
were formed with less than 1 mm diameter. The encapsulated gel beads were cured for 12 h in the 
same 5% CaCl2 solution to enhance the beads mechanical stability. The encapsulated RAS biomass 
in beads (hereafter referred as encapsulated biomass) and RAS were used in batch anaerobic 
studies to determine the specific denitrification rates (SDNR). Two conical flasks with 250 ml 




were filled with 250 ml of synthetic wastewater solution containing sodium acetate and sodium 
nitrate to maintain the ratio of COD/N from 5 to 7 for investigating the SDNR of RAS and 
encapsulated biomass. Encapsulated biomass of 20 gm was transferred to one conical flask with a 
packing ratio of 20% (V/V) corresponds to the same biomass concentration (0.9 g/L) of RAS 
reactor.  Samples were collected at five to eight desired time intervals and measured for N-NO3, 
N-NO2, SCOD. Soluble sample parameters were measured in filtrates processed through a 0.45 
µm filter paper. 
  
Figure 4. 10 Encapsulated biomass (a) coaxial air flow bead generators (b) batch experimental 
study 
4.3 Result and discussion 
Typical batch test results for the denitrification at COD/N ratio of 5 and 7 are shown in 
Figure 4.2. As shown in Figure 4.2, maximum of 27.2 mg N-NOX/g VSS (NOX is the sum of NO3-
N and NO2-N) was removed for the RAS reactor within 90 min reactor operations compared to 
encapsulated biomass with COD/N ratio 5 (5.8 mg N-NOX/g VSS) and encapsulated biomass with 





consumed maximum SCOD of 202.8 mg/g VSS compared to biomass (183 mg/g VSS) and 
encapsulated biomass with COD/N ratio 5 (128.8 mg/g VSS).  Table 4.1 shows the comparison of 
specific denitrification rate (SDNR) as mg N/g VSS-hr and yield (Y) as g COD/gVSS for two 
different initial COD/N ratio of 5 and 7. As evident from table 4.1, the RAS reactor shows a 
maximum SDNR of 19.8 mg N/gVSS-hr compared to 4.9 and 8.1 mg N/gVSS-hr for encapsulated 
biomass with initial COD/N ratios of 5 and 7, respectively. It may due to SCOD realised from the 
encapsulated beads which increased the COD/N ratio as well as lower the denitrification activity. 
In order to investigate the release rate of SCOD from encapsulated bead, an experimental study 
was conducted with SA bead and found that cumulative releasing rate of SCOD increased till 120 
min and thereafter it remained constant (Figure 4.2c). Therefore, ΔCOD/ΔN ratio in Table 4.1 for 




𝑆𝐶𝑂𝐷𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − (𝑆𝐶𝑂𝐷𝑓𝑖𝑛𝑎𝑙 + 𝑆𝐶𝑂𝐷𝑏𝑒𝑎𝑑)
𝑁𝑂𝑋𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑁𝑂𝑋𝑓𝑖𝑛𝑎𝑙
 
Based on the ΔCOD/ΔN ratio, maximum yield of 0.72 was observed for encapsulated RAS with 
initial COD/N ratio 7 (Table 4.1). Even encapsulated biomass with initial COD/N ratio 7 showed 
lower volumetric SDNR of 87.4 gm-N/d-m3 than biomass reactor of 213.6 gm-N/d-m3, higher 
yield of 0.72 indicating that encapsulated biomass might be a good alternative compared to 
suspended biomass for denitrification from reducing the biomass washout problem as well 
enhanced the reactor performance. However, need to further investigation to identify the proper 
support matrix which can increase the structural strength between the long chain of hydrocarbon 
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Figure 4. 11 Batch experimental study (a) N-NOX as mg/g VSS (b) SCOD as mg/g VSS, and (c) 
releasing cumulative mg SCOD per gm bead 
Table 4. 3  Comparison of specific denitrification rate (SDNR), and yield (Y) for the initial COD/N 








ΔCOD/ΔN ratio 6.73 8.10 10.52 
SDNR (mg N/gVSS-hr) 19.8 4.9 8.1 
Y (gCOD/gCOD) 0.58 0.62 0.72 
Volumetric SDNR (gm-N/d-m3) 213.6 52.5 87.4 
4.4 Conclusion 
Biological denitrification of wastewater from the RAS encapsulated in SA gel beads at 
COD/N ratio of 7 shows higher SDNR of 8.1 mg N/g VSS/hr compared to COD/N ratio of 5 
(SDNR of 4.9 mg N/g VSS/hr). Furthermore, maximum yield of 0.72 was observed for 
encapsulated RAS with initial COD/N ratio 7. On the other hand, encapsulated biomass with initial 
COD/N ratio 7 showed lower volumetric SDNR of 87.4 gm-N/d-m3 than biomass reactor of 213.6 
gm-N/d-m3. However, higher yield of 0.72 indicating that encapsulated biomass might be a good 
alternative compared to suspended biomass for denitrification from reducing the biomass washout 
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5 A novel immobilization technique for the development of sustainable 
anammox gel beads for low nitrogen loadings 
5.1 Introduction 
In the anammox process, about 43% of the ammonia is oxidized aerobically to nitrites, 
which then serve as an electron acceptor for the anaerobic oxidation of the remaining ammonia, 
(Kartal et al., 2013; Ali et al., 2015). Challenges in the practical application of anammox process 
include slow and unstable start-up because of very slow bacterial growth rate (Ali et al., 2015, 
Oshiki et al., 2011, Park et al., 2010), high cell concentrations required to activate the anammox 
process (Wang et al., 2020, Hu et al., 2002), and problems associated with anammox biofilm 
growth on conventional carriers like high-density polyethelyne (Fernandez et al., 2008; Ren et al., 
2014). Moreover, biomass washout due to nitrogen gas production is another bottleneck of fixed-
film anammox processes (Chen et al., 2010; Depena-Mora et al., 2004).  Furthermore, stable partial 
nitrification and production of nitrite in mainstream ammonification is considered challenging due 
to difficulty of controlling nitrite oxidizing bacteria (Du et al., 2020; Du et al., 2019; Cao et al., 
2016). Compared to partial nitritation, partial denitrification (PD) process offers a reduction of 
NO3-N and a stable production of NO2-N as the end-product instead of N2 gas (Du et al. 2019). 
Du et al. (2020) have cultivated seed sludge for partial denitrification coupled with anammox 
(PD/A) process using SBR (PDA-SBR) of 5.6 L working volume at ambient temperature to treat 
synthetic wastewater containing ammonium of 50 mg/L, nitrate of 50 mg/L, and acetate as organic 
carbon for 180 days and observed that the nitrate-to-nitrite transformation ratio was 95.8% with 




denitrification  with   nitrite production rate of 6.63 kg N/m3-d at 28 0C with the organic loading 
rate and NLR of 25.4 kg COD/m3-d and 10.8 kg N/m3-d, respectively, in an upflow sludge blanket 
reactor.  
Biomass immobilization technologies offer several advantages over granular biomass, 
which inludes enhanced higher cell densities and biomass retention, reusability, and biomass 
protection from extreme environmental conditions (Tuyen et al., 2018; Wang et al., 2020; Hsia et 
al., 2008). However, the major disadvantage of biomass immobilization is that transportation of 
substrates is rate-limiting; thus, reducing   the overall cells and activity (Hannoun & 
Stephanopoulos, 1986). Thus, the practical application of immobilized gel beads for slow-growing 
bacteria like anammox merits further investigation.  
Bead integrity was noted as one of the major bottlenecks for the application of anammox 
immobilized gel beads in the wastewater field (Ali et al., 2015, and Ali et al. 2014). Several support 
materials like polyvinyl alcohol (PVA) (Magri et al., 2012), sodium alginate (SA) (Zhu et al., 
2009), a mixture of PVA and SA (Ali et al., 2014), polyethylene glycol (Isaka et al., 2011), sodium 
silicate (Rangsayatorn et al., 2004) were used in immobilization technologies to entrap the 
biomass. SA is commonly used in immobilization biomass because when the monovalent counter 
ion of sodium is replaced by divalent calcium ion, ionic cross-linking among carboxylic acid 
groups occurs and provides a gelatinous substance (Rangsayatorn et al., 2004). Porous silica is is 
used in the immobilized cell. The main advantage of using sodium silicate (SS) compared to PVA 
is the formation of silica gel when the pH of alkali silicate solution drops to less than 10 




Recently, the use of PVA in anammox immobilization gained much attention because of 
its porous microstructure, non-toxicity to viable cells, and non-biodegradable nature (Tuyen et al., 
2018). Zhang et al., (2017) observed rapid anammox growth inside the PVA-SA gel beads in a 
255-ml up-flow column reactor with packing ratio of 70% (v/v) at 37 0C while. Ali et al. (2015) 
observed that PVA-SA beads required much lower seed anammox biomass of than granular 
biomass for start up. Margi et al. (2012) using PVA cryogel with 20% (v/v) packing ratio in a 1.4L-
CSTR   at 33 0C   observed 58% nitrogen removal efficiency at an NLR of 1.3 kg N/m3-d after 60 
days. However, the dense layer of PVA-SA formation on the outer surface during beads 
preparation caused gas accumulation resulting in reduced diffusivity and bead disintegration after 
12-35 days (Chen and Houng, 2008, Wang et al., 2020, Tuyen et al., 2018, Ali et al., 2015)  
To eliminate the above-mentioned bottlenecks, the main objectives of this study were to 
develop sustainable anammox gel beads using SA mixed with three different support materials, 
including polyvinyl alcohol, sodium silicate, and colloidal silica (CS) to improve the integrity of 
beads as well as accelerate start-up of the anammox process. Although PVA-SA beads were used 
in up-flow column reactor or CSTR to investigate nitrogen removal performance, no study has so 
far been conducted on the use of the mixture of silica with alginate for anammox immobilization, 
nor addressed the temporal variability in mechanical strength. Therefore, this study focused on the 
characterization of SA, SA-SS, SA-PVA, and SA-SS beads, which includes mechanical strength, 




5.2 Materials and methods 
5.2.1 Anammox biomass 
Anammox biomass (MLVSS: 3180 mg/L) was obtained from a laboratory-scale anaerobic 
sequential batch reactor (ASBR) that was operated for more than two years at   nitrogen loading 
rate (NLR), nitrogen removal rate (NRR) of 0.13 kg N/m3-d and 0.11 kg N/m3-d, respectively. The 
removal efficiencies of NH4
+˗N, and NO2ˉ˗N were above 90%. The specific anammox activity of 
anammox biomass was measured as 0.23 g N/g VSS-d at 37 0C corresponding to 0.20 g N/g VSS-
d at 35 0C and 0.15 g N/g VSS-d at 30 0C using a temperature correction factor of 1.07 (Sobotka 
et al. 2016), consistent with the 0.16 g N/g VSS-d at 35 0C (Sobotka et al., 2016) and   0.20 g N/g 
VSS-d at 30 0C (Wisniewska et al. 2020) at 37 0C. Anammox biomass was washed with KHCO3 
buffer (0.1M; pH 7.4) solution to remove any residual substrate on the sludge surface.  
5.2.2 Immobilization techniques 
The materials used in this study to prepare the immobilized anammox biomass included 
sodium alginate, sodium silicate (SS), polyvinyl alcohol (PVA), and colloidal silica (CS). 
Analytical grade PVA (87 % hydrolyzed), sodium silicate (99.9% purity), and colloidal silica (40 
wt. % suspension in water) were purchased from VWR, Mississauga, ON, Canada. Four different 
types of anammox gel beads were prepared using SA mixed with anammox biomass and support 
materials including distilled water (DW) as control SA bead  (B1), sodium silicate as SA-SS bead 
(B2), polyvinyl alcohol as SA-PVA bead (B3), and colloidal silica SA-CS bead (B4). Table 5.1 
shows the mixing volume of support materials with fixed SA (3%, w/v) volume. A volume of 6.5 
ml anammox biomass (VSS: 3180 mg/L) corresponds to MLVSS of 20.7 mg was mixed with 15 




and 15 ml sodium alginate (3%, w/v) mixed with 8.5 ml sodium silicate (3%, w/v), 8.5 ml 
polyvinyl alcohol (6%, w/v), and 8.5 ml of colloidal silica (40% wt. suspension in water) to prepare 
B2, B3, and B4, respectively. In B2 bead preparation, 3 gm sodium silicate were mixed with 100 
ml of DW and subsequently the solution pH was decreased from 12.5 (±0.2) to 7.5 (±0.5) using 
HCl to avert biomass inhibition. In contrast, at low pH (≥ 5.5) sodium silicate started to form a 
glassy solid.  Therefore, pH of sodium silicate solution was maintained between 7 to 8 throughout 
bead preparation. Finally, 8.5 ml sodium silicate solution mixed with 6.5 ml anammox biomass, 
and 15 ml sodium alginate solution to prepare bead 2. However, the resulting immobilized biomass 
beads contained 1.5 % (w/v) SA for B1, B2, B3, and B4, 0.85 % (w/v) of silicate in bead 2, and 
1.7% (w/v) of PVA in B3. The mix solution was extruded through a capillary and dropped into 
5% (w/v) CaCl2 solution by using a peristaltic pump (Masterflex L/S, model 77200-60, Cole-
Parmer, Canada) equipped with a plastic tube and 1ml tip as shown in Figure 5.1. To minimize the 
diameter of gel beads, a constant airflow was applied to form spherical gel beads. The immobilized 
gel beads were then cured for 12 h in the same 5% CaCl2 solution to enhance the beads mechanical 
stability. The immobilized anammox biomass were collected and rinsed with 2L of deionized 
water and inoculated in semi-continuous stirred tank reactors (semi-CSTRs) of 100 ml working 
volume resulting in anammox biomass concentration of 207 mg/L. Figure C1 in appendices shows 













Figure 5. 1 (a) Process for preparation of immobilized anammox bead solution (b) Coaxial air 
flow bead generators for immobilized anammox 
Table 5. 1 Mixing volume of different supports materials with fixed volume of SA  























Table 5. 2 Composition of trace elements solution 
Trace element I g/L 
 







   
CoCl2.6H2O 0.24 
   
MnCl2.4H2O 0.99 
   
CuSO4.5H2O 0.25 
   
NaMoO4.2H2O 0.22 
   
NiCl2.6H2O 0.19 
   
NaSeO4.10H2O 0.21 
   
H3BO4 0.014 
5.2.3 Characterization of gel beads 
Different support materials were used to make immobilized anammox gel beads. The 
mechanical strength, bead abrasion, effluent total solids (TS) and effluent volatile solids (VS) were 
used to identify the support material. Anammox gel beads were characterized in two different 
phases. In phase I, 50 immobilized anammox gel beads were randomly collected from each batch 
and placed in 125 ml reactor. Then 100 ml of deionized water (DW) was added to the reactor and 
placed in shaker (Thermo scientific, MAXQ 400, Cole palmer, USA) to investigate the beads 
stability (Tuyen et al., 2018). The mixture was shaken at 150 rpm and run for 30 days at 370 C. 
The water in reactors was exchanged with 50 ml of DW every day (Takei et al., 2011). In phase 
II, similar above-mentioned methods of bead immobilization were followed, and beads were 
placed in four 125 ml of semi-continuous stirred tank reactors (semi-CSTRs). Then the reactors 




DW. Details of operational strategies are discussed in the reactor establishment and operation 
section.  
5.2.4 Mechanical strength of anammox gel beads 
To evaluate the mechanical strength of the beads, the percentage biomass remaining, 
swelling coefficient, and change of effective diameter of beads were determined. Two different 
methods, offline and online, were used to estimate the percentages of biomass remaining. In the 
offline method, 50 beads were collected from each reactor and dry mass were measured in phase 
I and phase II on day 0 and day 30. The final mass was then subtracted from the initial mass to 
determine the mass remaining in the CSTR. Equation 2 shows the mass remaining estimation for 
the offline method. In online method, effluent total solids (TS) were routinely measured and 
subtracted from the initial dry mass. Equation 3 was used to calculate the mass remaining of online 
method. 
𝑀𝑎𝑠𝑠 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔(𝑜𝑓𝑓𝑙𝑖𝑛𝑒) (%) =
𝑀𝑓
𝑀𝑖
∗ 100 … … … … . (2) 
Where, 𝑀𝑖and 𝑀𝑓 represents the effluent dry mass on day 0 and day 30. 
𝑀𝑎𝑠𝑠 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔(𝑜𝑛𝑙𝑖𝑛𝑒) (%) =
𝑀𝑖 − 𝑀𝑡
𝑀𝑖
∗ 100 … … … (3) 
Where, 𝑀𝑡 is the cumulative effluent dry mass of solids at ‘t’ day and 𝑀𝑖is the initial total mass of 
dry solids. 
To determine the swelling coefficient, 50 anammox gel beads were collected in phase I and 
the diameters were measured on days 0, 10, 20, and 30.  A limitation of the use of particle size 




Canada) was used to measure the beads’ diameter. Equation 4 was used to calculate the swelling 




… … … … (4) 
Where dt and d0 are the mean diameter of beads at t = t day and t = 0 day (initial day), respectively. 
5.2.5 Effective diameter change  
To determine the change of change of effective diameter, randomly 50 beads were 
collected from the four semi-CSTRs in phase II to measure the diameters on day 0, day 10, day 
20, and day 30 using a digital caliper (H-7352, Canada). The ratio of the mean diameter of 
anammox gel beads on 10th, 20th, and 30th day to mean diameter of original gel beads was measured 
to calculate the change of effective diameter.  
5.2.6 Effect of sodium silicate concentration  
To determine the effect of sodium silicate concentration in gel bead formation, two semi-
CSTRs were operated for 78 days at room temperature. In this stage, 15ml sodium silicate at 2 
different concentrations, 3% (w/v) and 5% (w/v) were mixed with 10 ml DW. The mixture was 
mixed with equal volume of SA (3%, w/v) and followed the coaxial air flow bead generation 
procedure to form the gel bead. The gel beads were then incubated into two 500-ml working 
volume CSTRs at a 10% packing ratio. Distilled water was used as a feed and the feed flow were 
varied between 125 ml/day to 450 ml/day equivalent to the HRT of 4 d to 1.1 d. Total solid (TS), 




5.2.7 Reactor set-up and operation 
Immobilized anammox biomass with different support materials were separately 
inoculated into four semi-CSTRs including R1 reactor (B1 bead), R2 reactor (B2 bead), R3 reactor 
(B3 bead), and R4 reactor (B4 bead). The CSTRs consisted of a 100 ml working volume and 
incubated in a shaker at 370 C with 150 rpm stirring speed for 30 days. The reactors contained 
anammox immobilized gel beads at a packing ratio of 30%, corresponding to anammox biomass 
concentration of 207 mg/L. Influent and effluent ports were placed at the top of reactors and closed 
during the shaking periods. However, the outlet ports were connected to nitrogen bags during 
feeding. Reactors were purged with high purity nitrogen gas for 30 minutes to remove dissolved 
oxygen (DO) from the reactors’ liquid. The CSTRs were fed with a synthetic medium which was 
purged with high purity nitrogen gas for more than 2 hr to decrease the liquid DO level to less than 
0.1 mg/L. The synthetic medium used in the current study contained; NH4
+ (35 – 40 mg/L), NO2
– 
(42 – 47 mg/L), CaCl2 100 mg/L, MgSO4 300 mg/L, KH2PO4 30 mg/L, KHCO3 500 mg/L, 1ml/L 
of trace element solution I and 1 ml/L of trace element solution II (Bae, et al., 2015 and Van de 
Graaf et al., 1995). Table 5.2 shows the composition of the trace element solutions. Anammox 
biomass concentrations in all four reactors were fixed at 207 mg/L. Although the nitrogen removal 
rate (NRR) of 10.8 kg N/m3-d corresponding to 32.7 g N/g VSS-d was reached using PVA-SA 
anammox gel beads (Ali et al., 2015), gel beads’ disintegration was observed after 35 days in the 
above-mentioned study. As one of the objectives in the current study was to investigate the 
durability rather than focusing on the NRR, the nitrogen loading rate (NLR) was set  at 0.0427 kg 
N/m3-d, corresponding to a food-to-microorganisms ratio of 0.21 gN/gVSS-d. Feed flow were 





5.2.8 Sampling and analysis 
Influent and effluent samples were collected almost everyday in the first week. Later, 
samples collection frequency was changed to every alternative day. Samples were prepared by 
filtering through a 0.45 µm filter paper to analyze soluble parameters including ammonia nitrogen 
(NH4
+-N), nitrate nitrogen (NO3
–N), nitrite nitrogen (NO2
–N), and soluble chemical oxygen 
demand (SCOD). Total suspended solids (TSS) and VSS was measured from 10 ml water samples 
by filtering through a 1.2 µm filter paper and a pre-weighted dish (APHA, 2005 Methods No 15.4). 
Hach methods were used to analyze NH4
+-N, NO3
–-N, NO2
–-N, TCOD, and COD (HACH Odyssey 
DR/2800).  
5.2.9 Statistical analysis 
 Excel software was used to conduct T-tests and regression analysis. T-tests assessed the 
significance of statistical differences using the two-sample method with unequal variances and the 
significance was determined with a probability (p) value i.e. p < 0.05 corresponding to a 95% 
confidence level.  
5.3 Results and discussion 
5.3.1 Characterization of anammox gel beads 
Four different types of support material were used to determine the best suitable support 
material for anammox bead formation. In the four different methods, equal volume (15 ml) of SA 
(3%, w/v) solution mixed with a mixture of anammox biomass and support materials. The study 
was then performed in two different phases. Distilled water, and synthetic wastewater (SWW) 
were used as feed flow of CSTRs in phases I (30 days) and phase II (30 days), respectively. DW 




of biological nitrogen removal (BNR) activity. Figure 5.2 shows the percentage of mass remaining 
using offline and online methods for the 4 reactors based on on initial and final days. As depicted 
in Figure 5.2, the mechanical strength of all four beads were almost close after 30 days of operation 
(phase I) and the remaining biomass was more than 95% of the initial biomass, clearly emphasizing 
the stability of the beads and resistance to abrasion and disintegration in the absence of biological 
activity. However, mechanical strength deteriorated due to BNR process in phase II. Compared to 
phase I, in phase II, mass remaining dropped from 90% to 2% for R1 reactor, 95% to 72% for R2 
reactor, 94% to 39% for R3 reactor, and 97% to 2% for R4 reactor after 30 days of operation. This 
may be attributed to the production of nitrogen gas inside the gel beads due to anammox activity.  
However, B2 beads i.e. SA-SS beads showed the highest mechanical strength after 30 days, with 
the biomass left in the reactor at 72% compared to 2%, 39, and 2% in R1 reactor, R2 reactor, and 
R4 reactor, respectively in phase II.  In the online method, R2 reactor showed the maximum mass 
retention of 72% reflecting the maximum strength of B2 beads. A gradual bead disintegration was 
observed in R1 as evidenced by a 3% mass retention after 30 days. However, R4 reactor showed 
sudden bead disintegration after 20 days with only 5% mass retention on the 30th day. However, 
only 28% of mass reduction in R2 reactor occurred after 30 day, indicating the superiority of the 
SA-SS beads in terms of mechanical strength. T-test conducted on the mass remaining for all 
reactors indicate that the difference between R2 reactor compared to R1, R3 and R4 reactors were 
statistically significant (p < 0.05). Thus, the R2 reactor containing B2 beads statistically showed 
the better retention compared to B1, B3 and B4 beads. Tuyen et al. (2018) have investigated the 
relative mechanical strength by increasing stirring speed from 500 rpm to 2500 rpm and observed 





Figure 5. 2 Mass remaining (%) of four anammox gel beads after 30 days of operation (a) offline 
method (b) online method 
Physical properties of beads depend on the type of solvent. Swelling of beads can be 
observed by using DW as solvent. Takei et al (2011) have investigated the beads’ swelling by 
exchanging the DW in each day and observed that swelling coefficients were inversely related to 
the mechanical strength. However, relative strength of alginate beads is also important because the 
polymer matrix is necessary to have high stability in water (Tuyen et al., 2018). Table 5.3 lists the 
swelling coefficient and change of effective diameter of the 4 types of beads for the 30 days 
operation. Swelling of the beads in water weakens the beads. Therefore, beads were incubated in 
water for 30 days in the absence of anammox biomass to investigate the bead expansion. Beads’ 
integrity also depends on the nitrogen generation due to anammox activity inside the gel beads. So 
far, no study has been conducted to evaluate the behavior of beads during the anammox process; 
the current study investigated the change of effective diameters to investigate the beads’ 
mechanical strength. In phase I, swelling coefficient of B1 beads, B2 beads, B3 beads, and B4 
beads were 1.24, 1.10, 1.11, and 1.06, respectively after 30 days of operation. Although T-tests 












































between R2 compared to R1, R3, and R4 were insignificant (p > 0.05),  addition of support 
materials to SA slightly reduces the swelling coefficients. However, the swelling behaviour of 
beads changed with anammox activity as the diameters of all four type of beads decreased. 
Therefore, the least change of effective diameter of 0.04 was noted for R1 and R4 reactors after 
30 days operation in phase II. The change of effective diameter of B2, B3, and B4 beads were 
0.80, 0.76, and 0.75 on day 20 showing no significant impact of anammox process on the bead 
integrity for the initial 20 days. It is also noted that support materials i.e PVA, sodium silicate, and 
colloidal silica improved the bead integrity as the control bead showed the least change of effective 
diameter of 0.45 on day 20. Bao-e and Yong-you (2007) have reported that using PVA as a support 
material enhanced the strength compared to SA beads only. In SA-PVA solution, SA 
macromolecules can diffuse the PVA macromolecules’ charges, resulting in lower charge density, 
and therefore electrostatic attraction is attenuated between different PVA molecular chain, causing 
stronger beads (Tuyen et al. 2018). However, SS-SA beads showed the maximum De of 0.76 
compared to 0.02, 0.43, and 0.04 for SA, SA-PVA, and SA-CS beads, respectively after 30 days 
operation.    By decreasing the pH of alkali silicate solution to less than 10, silica gel is formed, 
and cells are trapped in a porous silica gel (Rangsayatorn et al., 2004). In SA-SS bead preparation, 
the mixture of the silica and SA solution was maintained at a pH less than 10 by adding 10.2 M 








Table 5. 3 Bead swelling and change of effective diameter of control (B1), SA-SS (B2), SA-
PVA (B3), and SA-CS (B4) beads in the four semi-CSTRs over 30 days of operation 
Feed flow Swelling coefficient Change of effective diameter 
Day B1 B2 B3 B4 B1 B2 B3 B4 
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
10 1.16 1.07 1.06 1.03 0.91 0.94 0.95 0.98 
20 1.21 1.09 1.10 1.05 0.45 0.80 0.76 0.75 
30 1.24 1.10 1.11 1.06 0.02 0.76 0.43 0.04 
5.3.2 Effective diffusion coefficients of gel beads 
One of the major drawbacks of the immobilization technology is the diffusion limitations.  
It is noted that diffusion limitations in immobilized bead gel are extremely dependent on gel 
structure or bacterial biomass including microbial exopolymers (Stoodley et al., 1994; Stewart, 
1998; Ali et al., 2015). Using different support material such as PVA, polyethylene glycol, PVA 
cryogel in the immobilized bead gel can change the internal structure. As a result, internal mass 
transfer limitations can be minimized. In our current study, the effective diffusion coefficients (𝐷𝑒) 
were determined by using the observed ammonium and nitrite removal rates for the four 
immobilized anammox gel beads. Equation 5 is used to calculate the diffusion coefficient 
assuming steady state diffusion, bulk liquid concentrations and surface area are uniform, and the 








Where, 𝑉0 is the observed ammonium and nitrite removal rate in mg N/L-s, Ab is surface area in 
µm2, Vb is the volume  in µm
3, 𝐷𝑒 is the diffusion coefficient  in µm




concentration, 𝑟 is distance from outer surface of the beads to center of the beads in µm, and R is 
the radius of gel bead in µm. Here, 𝑉0 (mg N/L-s) is calculated based on ammonium removal rate 
over 24 hr period, 𝑑𝑠 (mg/L) is calculated using the difference between initial bulk solution of 
total nitrogen concentration and TN concentration at center of gel bead, which was assumed as 0 
mg/L.  The distance  𝑑𝑟 (mm) is calculated from surface of gel beads to centre of gel beads. Table 
5.4 illustrates the diffusion coefficient in µm2/s and beads’ diameter of four type of gel bead in this 
study.  The 𝐷𝑒 of the ammonium for the steady state period at 37
0 C in B1 beads, B2 beads, B3 
beads, and B4 beads were calculated to be 18.8 ± 1.3 µm2/s, 26.2 ± 2.6 µm2/s, 22.4 ± 2.8 µm2/s, 
and 13.9 ± 1.4 µm2/s.  The 𝐷𝑒 of nitrite for the steady state period at 37
0 C in B1 , B2 , B3 , and 
B4  were  18.7 ± 3.6 µm2/s, 27.1 ± 3.7 µm2/s, 23.5 ± 3.4 µm2/s, and 15.8 ± 3.3 µm2/s respectively 
indicating that  the porous structure of sodium silicate enhanced the diffusion coefficient for B2 
beads  compared to B1, B3, and B4 beads. T-tests conducted on the diffusion coefficients of NH4-
N and NO2-N as seen in the appendices indicate that the differences of diffusion coefficients 
between R2 compared to R1 and R4 were statistically significant at the 95 percentile confidence 
level whereas differences of  diffusion coefficients between R2 and R3 were insignificant (p > 
0.05). However, 𝐷𝑒 of the ammonium and nitrite in water at 25 
0C are 1970 µm2/s (Horvath, 1985) 
and 1700 µm2/s (Kreft et al., 2001), respectively which are  significantly higher than 𝐷𝑒 in the 
beads indicating that the immobilization of anammox in gel beads may limit  diffusion.  
Bead size is an important controlling factor affecting diffusion limitation (Bae et al., 2015). 
Therefore, a constant initial bead size was attempted for the four types of beads.  The initial sizes 
of B1 beads, B2 beads, B3 beads, and B4 beads were 2.35 ± 0.37 mm, 2.42 ± 0.15 mm, 2.35 ± 
0.19 mm, and 2.46 ± 0.2 mm, respectively indicates minor variation of bead size (within 5%). To 




were observed over time with diameters of B1-B4 decreasing to 0.04 ± 0.02 mm, 1.84 ± 0.26, 1.01 
± 0.19, and to 0.7 ± 0.03 (Table 5.4), respectively.  However, a minimal reduction of B2 beads 
(24%) in compared to B1 beads (98%), B3 beads (57%), and B4 beads (97%) proved that internal 
bonding structure of SA-SS beads is stronger than the control, SA-PVA, and SA-colloidal silica 
beads. T-tests conducted on the final bead size as seen in appendices indicate that the differences 
of beads size between R2 compared to R1, R3, and R4 were statistically significant at the 95 
percentile confidence level.  Beads structural integrity highly depends on the diffusion coefficient. 
As shown in Figure B2, an inverse relationship was observed between the effective diameter 
change and diffusion coefficient on day 10 and this relationship turned around with time with the 
effective diameter change increasing with De. This is primarily attributed to biomass growth inside 
the gel beads; as the low biomass on day 10 showed inverse relationship and higher biomass 
showed direct relationship.   
Table 5. 4 Diffusion coefficients and bead size for anammox gel beads; B1: control beads, B2: 
SA-SS beads, B3: SA-PVA beads, and B4:SA-coloidal silica beads 
 B1 B2 B3 B4 
De (µm2/s) NH4-N 
                 NO2-N 
18.8 ± 1.3(4) 
18.7 ± 3.6(4) 
26.2 ± 2.6(8) 
27.1 ± 3.7(8) 
22.4 ± 2.8(8) 
23.5 ± 3.4(8) 
13.9 ± 1.4 (7) 




Initial day (n)  2.35 ± 0.37(50) 2.42 ± 0.15(50) 2.35 ± 0.19(50) 2.46 ± 0.2 (50) 
10th day (n) 2.14 ± 0.41(50) 2.27 ± 0.24(50) 2.23 ± 0.31(50) 2.50 ± 0.29 (50) 
20th day (n) 1.05 ± 0.31(50) 2.05 ± 0.21 (50) 1.88 ± 0.25(50) 1.87 ± 0.24 (50) 
30th day (n) 0.04 ± 0.02(25) 1.84 ± 0.26 (50) 1.01 ± 0.19 (50) 0.07 ± 0.03 (25) 




5.3.3 Effect of sodium silicate on gel beads 
To investigate the impact of the concentration of sodium silicate on sodium alginate bead 
formation, three semi-CSTRs of 250 ml working volume were run at 370 C at a packing ratio of 
30% using three different SA-SS beads including 0% (w/v), 3% (w/v), and 5% (w/v) of sodium 
silicate concentration  mixed with 3% (w/v) SA. Distilled water was used as feed and three 
different flowrates were tested:  125 ml/d for 22 days, 225 ml/d for 26 days, and 450 ml/d for 30 
days. In this study, only mechanical strength was evaluated considering effluent total solids and 
effluent soluble COD. A total of  25 ml SA (3%, w/v) solution was mixed with 25 ml of DW, 15 
ml of SS (3%, w/v) and 10 ml of DW, and 15 ml of SS (5%, w/v) and 10 ml of DW to prepare 0% 
SS, 3% SS, and 5% SS beads, respectively. Figure 5.3 shows the cumulative mass of effluent total 
suspended solids (TSS) for three different SS-SA beads. The maximum leaching of TS of 268 mg 
after 78 days occurred in the control (0% sodium silicate), with both the 3% SS and 5% SS beads 
showing identical leaching, thus justifying the use of 3% SS in anammox experimental works. 
Table 5.5 lists the leaching of SCOD for the 78 days operation. It is observed that leachate SCOD 
accounted for 20.5%, 11%, and 11.7% of the initial TCOD for 0% SS beads, 3% SS beads, and 






Figure 5. 3 Cumulative mass of effluent total solids for three different SA-SS beads: 0% SS, 3% 
SS, and 5% SS 
Table 5. 5 Leached soluble COD after 78 days operation of the 3 different SA-SS beads 








0% 706 145 20.5 
3% 706 77.85 11.0 
5% 706 82.37 11.7 
5.3.4 Beads durability  
Beads’ durability was also assessed by determining the total surface area of beads in all 
reactors. The following equation was used to estimate the total surface area of beads.  
𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 = 4ᴨ𝑟𝑡





Where, 𝑁𝑡 is the total number of beads at time  t, 𝑀50 is the dry mass of 50 beads (mg), 𝑀𝑟 is dry 




















the cumulative effluent TSS and changes in the total surface area of beads in the four reactors for 
the 30 days of operation.  R2 reactor showed the minimum cumulative effluent TSS of 92.5mg 
compared to R1 (253 mg), R3 (159.5 mg), and R4 (273.5 mg) reactors (Figure 5.4a.). Total surface 
area of R1, R2, R3, and R4 reactors decreased from 10.28*10-2 m2 to 0 m2, 10.84*10-2 m2 to 
5.56*10-2 m2, 8.98*10-2 m2 to 1.45*10-2 m2, and 10.45*10-2 m2  to 0 m
2, respectively after 30 days 
indicating that minimal reduction of the total surface area of B2 beads (Figure 5.4b.). Considering 
the linear trend of total surface area with time, the estimated total surface areas after 38 days are 
4.5*10-2 m2 for R2 and 0 m2 for R3 reactor, respectively.  
  
Figure 5. 4 (a) Cumulative effluent TSS and (b) changes of total surface area in the four reactors 
over the 30-days operation 
Figure 5.5(a – d) illustrates the correlation between total surface area of beads and 
anammox biomass remaining in the reactors and 4.5(e) shows the anammox retention of four 
reactor for 30 days. R2 reactor showed highest ratio of biomass-to-surface area  of 2.07*102 mg/m2 
compared to  1.81,  1.94, and  1.88 mg/m2 for R1, R3, and R4, respectively indicating the minimum 
detachment of anammox biomass i.e. the  maximum biomass retention at  a constant total surface 
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y = -0.1785x + 11.245
R² = 0.9657






























was maximum of 12.5 mg compared to 0.4 mg for R1 reactor, 5.2 mg for R3 reactor, and 1.5 mg 
for R4 reactor.   Biomass remaining after 50 days of operation was estimated as 4.8 mg in 100 ml 
reactor corresponds to 48 mg/L, using a total surface area of 2.3*10-2 m2 and a linear correlation 
between biomass remaining and surface area (R2 of 2.07) indicating higher durability of B2 beads. 
However, better durability was observed for annamox granules in up-flow anaerobic sludge 
blanket (UASB) reactors (Tang et al., 2011).  Tang et al., (2011) have used 1.1 L working volume, 
50 mm internal diameter up-flow anaerobic sludge blanket (UASB) reactors of containing 2.2 mm 
granular anammox sludge for nitrogen removal from municipal wastewater at a loading of 10.5 kg 
N/m3-d. The reactors were operated stably for 214 days without having granular disintegration of 
anammox sludge, achieving 77% N removal efficiency, reflecting significantly higher durability 
compared to B2 beads.  However, a severe sludge washout was observed after 214 days in above-



























































Figure 5. 5 Biomass remaining vs total surface area in (a) R1 reactor, (b) R2 reactor, (c) R3 reactor, 
(d) R4 reactor, and (e) change of anammox biomass remaining in the reactors over 30 days. 
5.3.5 Anammox reactor performance 
Four semi-CSTRs packed with the immobilized anammox biomass at a packing ratio of 
30% were operated at an NLR of 0.05 kg N/m3-d and food to microorganism ratio of 0.43 for 37 
0C for 30 days. HRT in all four reactors was maintained at 2 days. The average influent NH4-N 
and NO2-N concentrations were 37.8 mg/L, and 50.2 mg/L, respectively to maintain the 
stoichiometric ratio of NO2-N/NH4-N. Operational conditions and steady-state data of the four 
semi-CSTRs are given in Table 5.6. Start-up time to reach the steady state period of R2 reactor 
was 4 days, which was faster than the other three reactors including R1 reactor (5 days), R3 reactor 














































































effective diffusion coefficient of 26.2 µm2/s for B2 beads compared to 18.8 µm2/s, 22.4 µm2/s, and 
13.9 µm2/s for B1, B3, and B4 beads, respectively confirms the improved mass transfer. Anammox 
is a process which can be reflected by two major indicators including molar ratios of consumed 
NO2-N to consumed NH4-N and produced NO3-N to consumed NH4-N (Lu et al., 2018 & Tuyen 
et al., 2018). As shown in Figure B3, the ratios of ΔNO2/ΔNH4 and ΔNO3/ΔNH4 of all four reactors 
at steady state were in the range of 1.2 – 1.4, and 0.17 to 0.25, respectively. These ratios are close 
to the theoretical stoichiometric ratios of 1.32 and 0.26 for ΔNO2/ΔNH4 and ΔNO3/ΔNH4, 
respectively (Strous et al., 1998), indicating that anammox was responsible for nitrogen removal 


















Table 5. 6 Operational conditions and steady-state performance of the four semi-CSTRs at 370 C. 
Parameters 
Type of Semi-CSTRs 
R1 R2 R3 R4 
Time of operation (d) 30 
Start-up time (d) 5 4 5 7 
Steady state time (d) 17 26 21 17 
Feed flow rate (ml/d) 50 
HRT (d) 2 
Initial F/M ratio 
NLR (kg N/m3-d) 
0.43 
0.05 ± 0.001 
NRR (kg N/m3-d) 0.025 ± 0.004 0.037 ± 0.002 0.035 ± 0.002 0.023 ± 0.002 
Feed characteristics, n= 19     
NH4-N (mg/L) 37.8 ± 0.5 
NO2-N (mg/L) 50.2 ± 1.2 
NO3-N (mg/L) 2.5 ± 0.9 
Effluent characteristics at 
steady state period 
n= 9 n= 14 n = 12 n = 9 
NH4-N (mg/L) 14.5 ± 3.6  3.9 ± 2.0  6.6 ± 2.8  16.9 ± 2.1  
NO2-N (mg/L) 17.9 ± 5.2  4.7 ± 2.3  6.9 ± 3.0  21.2 ± 2.5  
NO3-N (mg/L) 7.0 ± 1.5  8.3 ± 0.5  8.1 ± 0.5  6.7 ± 0.5  
Removal efficiencies (%)     
TN 56 ± 9 81 ± 4.9 76 ± 5.6 50 ± 4.6 
NH4-N  62 ± 9.6 90 ± 5.5 83 ± 7.1 55 ± 5.8 




Stoichiometric ratio     
NO2-N/NH4-N 1.37 ± 0.05 1.35 ± 0.03 1.4 ± 0.05 1.39 ± 0.15 
NO3-N/NH4-N 0.19 ± 0.03 0.18 ± 0.02 0.20 ± 0.03 0.21 ± 0.02 
Dry mass remaining (%)   3 72 39 5 
The temporal variations of effluent nitrogenous compound i.e. NH4-N, NO2-N, and NO3-
N in four reactors are depicted graphically in Figure 5.6. The average effluent concentrations and 
removal efficiencies were calculated for R1 reactor from day 7 to day 22, R2 reactor from day 10 
to day 30, R3 reactor from day 10 to day 26, and R4 reactor from day 7 to day 24. The average 
influent ammonium and nitrite concentrations were 37.8 mg/L and 50.2 mg/L, respectively, 
whereas average effluent concentrations of ammonium were 14.5 mg/L (R1), 3.9 mg/L (R2), 6.6 
mg/L (R3), and 16.9 mg/L (R4);  nitrite were 17.9 mg/L (R1), 4.7 mg/L (R2), 6.9 mg/L (R3), and 
21.2 mg/L (R4); and nitrate were 7.0 mg/L (R1), 8.3 mg/L (R2), 8.1 (R3), and 6.7 (R4). Average 
removal efficiencies of ammonia were 62% (R1), 90% (R2), 83% (R3), and 55% (R4); and nitrite 
was 64% (R1), 91% (R2), 87% (R3), and 58% (R4). T-tests conducted on the NH4-N and NO2-N 
removal efficiencies indicate that the differences in  amonium and nitrite removal efficiencies 
between R2 and both  R1 and R4 were statistically significant at the 95 percentile confidence level 
whereas differences between R2 and R3 were insignificant (p > 0.05). It is observed that effluent 
NH4-N concentrations of R1 and R4 reactors dropped to 11.5 mg/L and 19.1 mg/L, respectively 
for the first 7 days, and remained stable thereafter. A similar trend of nitrite concentrations was 
observed for R1 and R4 reactor which decreased to 13.4 mg/L and 24.1 mg/L after 7 days of 
operation (Figure 5.6b). However, ammonia concentration started to rise from 12.3 mg/L to 35.2 
mg/L from day 13 to day 30 for R1 reactor, and from 12.7 mg/L to 34.1 mg/L from day 21 to day 




anammox, nitrate production depends on ammonia consumption and thus the produced nitrates 
dropped from 8.9 mg/L to 2.1 mg/L for R1 reactor and 6.5 mg/L to 2.1 mg/L for R4 reactor in 
above-mentioned day (Figure 5.6c). In R2 and R3 reactors, effluent nitrogenous compounds 
decreased rapidly in the first 10 days, remained stable till day 26 and started to increase during the 
last 4 days due to the start of bead disintegration.   
 
 
Figure 5. 6 Temporal variations of effluent (a) NH4-N concentration (b) NO2-N concentration, 
and (c) NO3-N concentration for the four semi-CSTRs 
Figure 5.7 shows the temporal variation of nitrogen loading rate (NLR) and nitrogen 

















































































days operation. For the first 7 days, the reactors of R1, R2, R3, and R4 achieved NRR of 0.029 
kg/m3-d, 0.031 kg/m3-d, 0.028 kg/m3-d, and 0.023 kg/m3-d, respectively. However, after 11 days, 
the differences in NRR between R2, and R3 on one hand and R1, and R4 on the other hand, 
gradually increased after 11 days.  NRR peaked 0.04 kg/m3-d in R2,  compared to 0.03 kg/m3-d in 
R1, 0.036 kg/m3-d in R3, and 0.024 kg/m3-d in R4 (Figure 5.7a) indicating maximum nitrogen 
removal efficiencies of 81% achieved by R2 reactor versus 56%, 76%, and 50% achieved by R1, 
R3, and R4 reactor, respectively (Figure 5.7b). T-test conducted on the nitrogen removal 
efficiencies indicate that the differences between R2 compared to R1 and R4 were statistically 
significant at the 95 percentile confidence level whereas differences between R2 and R3 were 
insignificant (p > 0.05). The nitrogen removal rates of R1 and R4 reactors started to decline after 
13 days and 21 days of operation, respectively, showing that anammox biomass detached from the 
gel and escaped in the effluent. Effluent TSS of 330 mg/L for reactor R1 on day 13 and 1320 mg/L 
for reactor R4 on day 21 reflected significant biomass washout, thus hindering nitrogen removal.  
 
Figure 5. 7 Temporal variations of: (a) nitrogen loading rates (NLRs) and nitrogen removal rates 

























































5.3.6 Kinetics of nitrogen removal 
The kinetics of immobilized anammox biomass in four gel beads were determined using 






… … … … … (8)                   
Where, V is the reaction rate (mg N/L-d), k is the maximum specific substrate utilization rate (mg 
substrate/mg VSS-d), X is the anammox biomass concentration (mg/L), S is the growth limiting 
substrate concentration in solution (mg/L), and 𝐾𝑠 is the half-saturation constant (mg/L). 
Anammox biomass in effluent beads was estimated using equation 9 to determine the biomass 
specific removal rate where anammox remaining at any time was calculated.  










… … … … … . (9)            
𝐸𝑏𝑒𝑎𝑑𝑠,𝑇𝑆𝑆 = 𝐸𝑇𝑆𝑆 − 𝐴𝑛𝑚𝑥𝑇𝑆𝑆 … … … … … … … (10) 





is the ratio of 





is the ratio of VSS to TSS 
of the anammox biomass. Thus, knowing the volatile fraction of effluent TSS, the beads, and 
anammox bacteria, will determine the contribution of the beads and anammox biomass (which is 
1- wt. fraction of beads) using equation 9. The volatile fraction of 0.31 for anammox biomass, 0.38 
for B1 beads, 0.24 for B2 beads, 0.36 for B3 beads, and 0.24 for B4 beads were used in equation 
9. Thus, the anammox biomass remaining in the effluent could be estimated using equation 11.  
𝐴𝑡 = 𝐴𝑡−1 + 𝑌 ∗
𝑑𝑠
𝑑𝑡








), 𝑏 is decay of anammox (𝑑−1), and 𝐴𝑙 is anammox lost in effluent.   
Typical anammox yield (Y) of 0.11 
𝑚𝑔 𝑉𝑆𝑆
𝑚𝑔 𝑁𝐻4−𝑁
  (Jin et al., 2012) and anammox decay (b) of 0.002 
d-1 were used in equation 10 (Hao et al., 2002; Scaglione et al., 2009).  
To investigate the activity of anammox in each reactor, the specific anammox activity 
(SAA) was calculated by normalizing removal rates of nitrogen (g N) with anammox biomass (g 
VSS) at any given time. Equations 9 and 10 were used to estimate the anammox biomass at any 
time. The average SAA of R1, R2, R3, and R4 reactors were estimated as 0.17 g N/g VSS-d, 0.22 
g N/g VSS-d, 0.20 g N/g VSS-d, and 0.12 g N/g VSS-d, respectively indicating that anammox 
immobilized with SS-SA material in R2 reactor could enhance the anammox activity. T-tests 
conducted on the SAA indicate that the differences of SAA between R2 and both R1 and R4 were 
statistically significant (p < 0.05). In contrast, the  difference between R2 and   R3 were 
insignificant (p > 0.05). The SAA of R2 and R3 reactors at 37 0C  were close the  previously 
observed (Wisniewska et al., 2020) SAA of 0.18 g N/g VSS-d at 30 0C corresponding to 0.27 g 
N/g VSS-d at 37 0C  for PVA-SA anammox beads and SAA of 0.21 g N/g VSS-d at 30 0C 
corresponding to 0.34 g N/g VSS-d at 37 0C for non immobilized anammox biomass. To calculate 
the SAA at 37 0C, a temperature correction factor of 1.07 for anammox biomass was used (Sobotka 
et al., 2016).  
Table 5.7 shows the kinetic coefficients of anammox in three reactors for B1, B2, and B3 
beads. R2 reactor was the best, as evidenced by the highest maximum rates of ammonium and 
nitrite utilization indicating that B2 beads had stronger nitrite and ammonium tolerance as well as 




in a range of 18.2 – 21.7 mg/L, and nitrite in a range of 21.0 – 29.4 mg/L. Both constants are close 
to the typical range of Ks of 25 - 36 mg NH4-N/L and 0.66 – 21 mg NO2-N/L (Marina et al., 2016; 
Hao et al., 2002; Dapena-Mora et al., 2004). Using Ks and the average effluent concentrations of 
ammonium and nitrite, specific growth rates were estimated. As shown in Table 5.7, the growth 
rates of the anammox bacteria in the respective reactors at 37oC, calculated using both ammonia 
and nitrites, matched as expected.  R2 reactor showed the best specific growth rate of 0.015 d-1 
based on ammonia and nitrite, respectively. The maximum specific growth rate was calculated as 
0.031 d-1 for R2 reactor which is close to the maximum specific growth rate of 0.028 d-1 for 
suspended anammox (Hao et al., 2002; Dapena-Mora et al., 2004) indicating that encapsulation  
did not have a significant influence on mass transfer.  
Table 5. 7 Kinetic coefficients of the anammox immobilized gel beads in the four reactors at 370C. 
Reactor 






















µmax       
(d-1) 
µ(d-1) 
R1 24.1 0.05 18.2 0.005 0.003 32.9 0.07 21 0.005 0.003 
R2 20.5 0.29 21.7 0.031 0.015 27.6 0.37 29.4 0.03 0.015 
R3 22 0.14 19.6 0.013 0.009 28.7 0.21 24.6 0.018 0.01 





A sustainable anammox gel beads was developed using a mixture of sodium alginate (3%, 
w/v) with sodium silicate (3%, w/v), which were then added to semi-CSTR to investigate the 
nitrogen removal performance. Offline and online methods were used to investigate the 
mechanical strength. R2 reactor containing the SA-SS beads showed the maximum mass retention 
of 72% of the initial inoculated biomass. The difference of mass remaining between R2 reactor 
compared to R1, R3 and R4 reactors were statistically significant (p < 0.05).  Maximum anammox 
retention of 10.5 mg in SA-SS reactor compared to 2.4 mg in SA reactor, 5.2 mg in SA-PVA 
reactor, and 1.5 mg in SA-CS reactor was observed. Similarly, minimal reduction of total bead 
surface area in R2 reactor from  10.84*10-2 m2 to 5.56*10-2 m2 compared to 10.28*10-2 m2 to 0 m2 
for R1 reactor, 8.98*10-2 m2 to 1.45*10-2 m2 for R3 reactor, and 10.45*10-2 m2  to 0 m
2 for R4 
reactor was observed indicating better durability of SA-SS beads after 30 days of operation. The 
differences of final beads size between R2 compared to R1, R3, and R4 were statistically 
significant at the 95 percentile confidence level. The diffusion coefficients (De) of ammonium in 
anammox gel beads was maximum for B2 beads (26.2 µm2/s) compared to B1 (18.8 µm2/s), B3 (22.4 
µm2/s), and B4 (13.9 µm2/s) beads indicating the enhanced internal mass transfer. The differences in 
diffusion coeficients between R2 and both  R1 and R4 were statistically significant at the 95 
percentile confidence level. However, differences of diffusion coeficients between R2 and R3 were 
insignificant (p > 0.05). Total nitrogen removal efficiencies of 8%, 80%, 64%, and 10% were 
achieved by R1, R2, R3, and R4 reactors. The differences of NRE between R2 compared to R1 
and R4 were statistically significant (p < 0.05) whereas differences of NRE between R2 and R3 
were insignificant (p > 0.05). The average SAA of R1, R2, R3, and R4 reactors were estimated as 




differences of SAA between R2 compared to R1 and R4 were statistically significant (p < 0.05). 
In contrast, the  difference between R2 compared to R3 were insignificant (p > 0.05). The 
maximum specific growth rates (µmax) of anammox bacteria were estimated as 0.031 d
-1 for R2 
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6 Enhanced nitrogen removal using holed immobilized anammox beads 
in fluidized bed bioreactors 
6.1 Introduction 
Biological nitrogen removal (BNR) processes have been widely  used for removing wastewater 
nitrogen because of effectiveness, economics, and environmental friendliness (Ahn 2006; Nava et 
al., 2008). Conventional BNR technologies are performed by the combination of two processes; 
autotrophic nitrification and heterotrophic denitrification. However, significant energy is required 
in autotrophic nitrification to supply oxygen for the ammonia oxidizing bacteria (AOB) and nitrite 
oxidation bacteria (NOB). In contrast, external carbon source is needed to treat wastewater 
containing high ammonia and low COD for heterotrophic denitrification. To render wastewater 
treatment energy-neutral or energy positive, the anaerobic ammonium oxidation (anammox) 
process is considered the most promising BNR technology. Anammox also allows the reduction 
of operational costs relative to traditional biological nitrogen removal process because of 
elimination of  external organic carbon  requirements, and lower sludge production (Ali et al. 2015, 
Wang et al., 2011).   
One of the major challenges in the practical application of anammox process is the slow growth 
rate of anammox bacteria (a doubling time range of 7 – 14 days), resulting in longer start-up times 
(Ali & Okabe, 2015b; Isaka et al., 2006). To reduce the long start-up time and biomass washout, 
immobilization of biomass in gel beads has been reported advantageous because of the closely 
packed design of bioreactors, mitigation of toxicity to microorganisms, enhanced process 




using gel-entrapment for control of SRT is beneficial and necessary to avert the common problem 
of granular biomass shear. Different kinds of immobilization materials like polyvinyl alcohol (PVA) 
(Magri et al., 2012), polyethylene glycol (PEG) (Isaka et al., 2011), PVA, sodium alginate (SA), the mixture 
of PVA and SA, waterborne polyurethane (WPU) (Chen et al., 2015) were used to entrap the anammox 
biomass.  Anammox immobilized in PVA cryogels were used in CSTR at a packing ratio of 20% (w/v), 
nitrogen loading rate (NLR) of 0.5-2.8 kg-N/m3-d, and HRT of 2.6-11.7 hr to evaluate the deammonification 
of swine wastewater treatment (Margi et al., 2012). Nitrogen removal efficiency of 93% 
corresponding to nitrogen removal rate (NRR) of 0.41-2.04 kg-N/m3-d was achieved in the above-
mentioned study after 120 days of operation. A maximum of 5 kg-N/m3-d NRR was observed for 
a pilot-scale (0.1 m3 working volume) CSTR experimental study using immobilized anammox 
PEG (Isaka et al., 2011). Chen et al. (2015) have investigated the nitrogen removal performance 
using anammox entrapment in four different support materials, including PVA, SA, the mixture of 
PVA-SA, and WPU in CSTRs with 0.44L working volume. Compared to the four support 
materials, WPU exhibited the best entrapment support with a higher mechanical strength of 6.1 
kg/m2 and NRR of 1.37 kg-N/m3-d after 100 days of operation at an HRT of 1.5 hr and nitrogen 
loading rate (NLR) of 1.7 kg-N/m3-d.  
Biomass washout because of the production of nitrogen gas in  the anammox process is 
considered one of the major reasons for process failure (Chen et al., 2010; Dapena-Mora et al., 
2004). Even though significant improvement of removal performance, as well as reduction of 
biomass washout, was observed using immobilized anammox gel beads, failure of the anammox 
process (Ali et al., 2015) is still unclear and merits further research prior to the practical application 
of immobilized anammox gel beads. Moreover, immobilized anammox biomass technologies are 




stirred tank reactor (CSTR). Few  studies using immobilized anammox in fluidized bed reactor 
(FBR) have been conducted. Landreau et al. (2020) have investigated ammonium removal 
performance using immobilized anammox as a carrier media in a small FBR (23 ml working 
volume) at 35% (v/v) packing ratio at 30 0C and observed a maximum NRR of 1.7 g-N/m3-d 
corresponding to 80% removal efficiency. 
The volume of carrier media and bed expansion play a significant role in anammox fluidized 
bed bioreactors (AFBR) performance with respect to COD and nitrogen removal. Jaafari et al. 
(2014) investigated the impact of upflow liquid velocity on COD removal performance using FBR 
of 3.95 L working volume at an organic loading rate (OLR) of 24.2 kg/m3-d and observed that 
upflow velocity of 0.75 m/min had higher COD removal performance of 80% compared to upflow 
velocity of 0.5 m/min (63% removal efficiciencies) and 1 m/min (73% removal efficiencies). 
However, the initial bed expansion for an upflow velocity of 0.5 m/min was 30%  and no further 
details of bed expansion due to change of upflow velocity were reportedin the above-mentioned 
study. Although a higher NLR of 12.1 kg N/m3-d at an HRT of 0.42h was achieved  in UCR (Ali 
et al., 2015) compared to NLR of 0.002 kg-N/m3-d at an  HRT of 3.75 h in FBR (Landreau et al. 
2020), operating time of 152 days in FBR was significantly longer  than the 35 days in the UCR. 
Moreover, Ali et al. (2015) faced difficulties operating the UCR after 35 days due to beads' 
durability. Therefore, the current study tried to optimize the volume of immobilized anammox gel 
beads in FBRs. Although sodium alginate for immobilization of anammox biomass was used to 
prepare holed beads with continuum passages from 10 µm to 20 µm  throughout the bead (Hoa et 
al., 2006), the long-term durability and performance of anammox gel beads has been questionable 




durability, mechanism of beads’ disintegration, and efficiency of holed immobilized anammox  
beads for nitrogen removal using two identical fluidized bed bioreactors.   
6.2 Materials and methods 
6.2.1 Anammox biomass 
Anammox biomass was collected from a laboratory-scale anaerobic sequential batch reactor 
that was operated for more than two years at   nitrogen loading rate (NLR), nitrogen removal rate 
(NRR) of 0.13 kg N/m3-d and 0.11 kg N/m3-d, respectively. The removal efficiencies of NH4
+˗N, 
and NO2ˉ˗N were above 90%. Anammox biomass was washed with KHCO3 buffer (0.1M; pH 7.4) 
solution to remove any residual substrate on the sludge surface.  
6.2.2 Immobilization of anammox 
The support materials used in this study to prepare immobilized anammox biomass included 
sodium alginate, and sodium silicate (SS). Analytical grade sodium silicate (99.9% purity) was 
purchased from VWR, Mississauga, ON, Canada. First, anammox biomass was collected from the 
parent reactor and centrifuged to  a biomass concentration of 8310 mgVSS/L, prior to dilution with 
distilled water to three different concentrations.  i.e.  6393 mgVSS/L, 4794 mgVSS/L, and 3196 
mgVSS/L. A volume of 6.5 ml biomass from each diluted concentration corresponding  to 54 mg, 
41.6 mg, 31.1 mg, and 20.8 mg of biomass was mixed with 15 ml sodium alginate (3%, w/v) and 
8.5 ml sodium silicate (3%, w/v) to prepare the anammox beads. Prior to the anammox bead 
preparation with sodium alginate sodium silicate (SA-SS), 3 gm sodium silicate were mixed with 
100 ml of DW and subsequently the solution pH was decreased from 12.5 (±0.2) to 7.5 (±0.5) 
using HCl to avert biomass inhibition at the high pH. In contrast, at low pH (≥ 5.5) sodium silicate 




between 7 to 8 throughout bead preparation. The resulting immobilized biomass beads contained 
1.5 % (w/v) SA and 0.85 % (w/v) of sodium silicate. The mix solution was extruded through a 
capillary tube and dropped into CaCl2 solution 5% (w/v) by using a peristaltic pump (Masterflex 
L/S, model 77200-60, Cole-Parmer, Canada) equipped with a plastic tube and 1ml tips. The 
immobilized anammox gel beads were cured in the same 5% CaCl2 solution for 12 hr. The prepared 
immobilized anammox biomass was rinsed with 2L of deionized water and inoculated in four 
semi-continuous stirred tank reactors (semi-CSTRs) of 100 ml working volume corresponding to 
208 mgVSS/L, 312 mgVSS/L, 416 mgVSS/L and 540 mgVSS/L. To prepare the holed 
immobilized anammox beads, 22 ml of anammox biomass corresponding to VSS concentration of 
7045 mg/L were mixed with 75 ml of SA (3%, w/v), 42.5 ml of sodium silicate (3%, w/v), and 
10.5 ml of DW. Beads were prepared from the  mixture as described above. Finally, the prepared 
beads were injected in two different points with 0.4-mm micro-needles and  inoculated in FBR. 
Anammox concentration in the FBRs was 310 mgVSS/L.  
6.2.3 Reactors setup and operation  
The  experimental plan was divided into three phases i.e. phase I, phase II, and phase III, as 
shown in Figure 6.1. To reduce the quantity of seed anammox biomass in FBR due to its slow 
gorwth, the minimal concentrations for the successful start-up of anammox process must be 
experimentaly determined. Therefore,  four different amounts of anammox biomass were 
immobilized in SA-SS beads and packed at  20%  (v/v) in four 100-ml semi-continuous stirred 
tank reactors (Semi-CSTRs). The influence of initial biomass on reactor performances was 
investigated to determine the minimum concentrations of anammox biomass required for startup 
of the anammox process were used in  anammox fluidized bed bioreactors (AFBR). Thus, in phase 




inoculated into four semi-CSTRs of 100 ml working volume with a packing ratio of 20% (v/v). 
The concentrations of anammox  (as VSS) in the four semi-CSTRs were 208 mg/L, 310 mg/L, 416 
mg/L and 540 mg/L, respectively. These semi-CSTRs were incubated in a shaker at 370 C, 150 
rpm for 30 days and fed with the synthetic medium that contained; NH4
+ (37 – 71 mg/L), NO2
– 
(51 – 95 mg/L), CaCl2 100 mg/L, MgSO4 300 mg/L, KH2PO4 30 mg/L, KHCO3 500 mg/L, 1ml/L 
of trace element solution I and 1 ml/L of trace element solution II (Bae, et al., 2015 and Van de 
Graaf et al., 1995). For the first 17 days, NH4
+ and NO2
– concentrations were set at 37 mg/L and 
51 mg/L, respectively and increased to 71 mg/L and 95 mg/L, respectively from day 19 to 30, 
which resulted in NLRs of 0.09 kg N/m3-d and 0.17 kg N/m3-d, respectively. The feed flow rate 
was set at 100 ml/d corresponding to HRT of 24 hr for all phase I. Influent, and effluent ports were 
placed at the top of reactors and closed during the shaking periods. However, the outlet ports were 
connected to nitrogen bags during feeding. Reactors were purged with high purity nitrogen gas for 
30 minutes to remove dissolved oxygen (DO) from the reactors' liquid.   
In phase II, four identical lab-scale anammox fluidized bed bioreactors were used to evaluate 
nitrogen removal performance, as shown in Figure 6.2. Four different immobilized anammox 
beads as shown in table 6.1 were prepared. The AFBRs consisted of a 0.5-liters working volume 
were inoculated with immobilized beads containing optimum anammox biomass at a packing ratio 
of 20%, 30%, 45%, and 60% to evaluate the effect of bead volume on nitrogen removal 
performance. To recirculate the liquid flow, a tube (inside diameter 0.25 inch) was connected with 
main reactor. In four reactors, liquid at the top was recycled and pumped (Masterflex I/P, 
Masterfles AG, Germany) back to the bottom of the fluidized bed. Bed expansion was evaluated  
at four different upflow velocities of 0.17 cm/s, 0.23 cm/s, 0.28 cm/s, and 0.33 cm/s to evaluate 




observed upflow velocity of 0.25 cm/s for anaerobic fluidized bed reactor (Blanco et al., 1995) 
was observed  to achieve bed exapnsions of 40%-60%, and hence was used in phase III. To release 
the accumulated nitrogen gas, collection bags were connected at the top of the main reactors and 
effluent tube connected at 10 cm below from the top surface of the reactors. All reactors were 
maintained at room temperature (24 ± 2 0C). A 4-liter liquid container was used as influent tank 
for each reactor and the tank mouth was tightly closed with rubber cap to maintain anaerobic 
conditions. The reactors were fed with similar synthetic medium to phase I except for ammonia 
(108 ± 2.5) and nitrite (141 ± 3.7) concentrations, which was purged with high purity nitrogen gas 
for more than 2 hr to decrease the liquid DO level to less than 0.1 mg/L. The feed flows were 
maintained at a range of 0.25 L/d to 1 L/d corresponding to HRT of 48 hr to 12 hr. Three different 















Table 6. 1 Composition of support materials, packing ratios, and initial dry mass for anaerobic 



























150 30 2.33 Silicate 42.5 
Anmx, DW 22, 10.5 
AFBR 3 
SA 112.5 
225 45 3.52 Silicate 63.75 
Anmx, DW 22, 27 
AFBR 4 
SA 150 
300 60 4.23 Silicate 85 
Anmx, DW 22, 43 
In phase III, two lab-scale FBRs, one as control with immobilized non-holed anammox beads 
(CFBR) and the other with holed immobilized anammox beads (PFBR), were inoculated at a 
packing ratio of 30% to investigate the effect of immobilized anammox holed and non-holed beads 
on nitrogen removal performance. Both reactors were run at room temperature. HRT and NLR 
were maintained at 24 hr to 6 hr and 0.25 kg/m3-d to 1.01 kg/m3-d, respectively, as shown in Figure 
6.1. A similar synthetic medium that was used in phase II, was prepared as feed and flow were 
maintained at 0.5 L/d to 2 L/d. All other system setup and operational conditions except NLR were  



















Figure 6. 1 Experimental design 
Immobilized anammox biomass 
 
Phase I (T=37oC) 
Immobilized anammox beads 
inoculated into four semi-CSTR to 
optimize anammox loading 
 
Phase Ia 
- Influent NH4+ and 
NO2– concentrations 
were maintained at 
37 mg/L and 51 
mg/L  
- NLR was set at 
0.09 kg N/m3-d 





Phase II (T=24oC) 
Optimum anammox immobilized 
beads inoculated into four FBR to 
optimize bead volume 
 
Phase III (T= 24oC) 
Immobilized anammox holed and 
non-holed inoculated into two FBR 
 
Phase Ib 
- Influent NH4+ and 
NO2– 
concentrations were 
maintained at 71 
mg/L and 95 mg/L. 
- NLR was set at 
0.17 kg N/m3-d 






- NLR was set at 0.13 
kg N/m3-d from day 
0 to day 20 
- Feed flow and HRT 
maintained at 0.25 






- NLR was set at 0.26 kg N/m3-d 
from day 21 to day 33 
- Feed flow and HRT maintained 





- NLR was set at 0.51 
kg N/m3-d from day 
34 to day 45 
- Feed flow and HRT 
maintained at 1 L/d 






- NLR was set at 0.25 
kg N/m3-d from 0 – 
18 day 
- Feed flow and HRT 
maintained at 0.50 






- NLR was set at 1.01 
kg N/m3-d from 31 – 
40 day 
- Feed flow and HRT 
maintained at 2.0 L/d 






- NLR was set at 0.50 kg N/m3-d 
from 19 – 30 day 
- Feed flow and HRT maintained 










Figure 6. 2 (a) Schematic diagram of anammox fluidized bed bioreactor, (b) photographic view 
of reactors 
6.2.4 Analytical methods 
Influent and effluent samples were collected almost everyday in the first week, and then  every 
alternative day,  to analyze total suspended solids (TSS), volatile suspended solids (VSS), 
ammonia nitrogen (NH4
+-N), nitrate-nitrogen (NO3
–N), and nitrite-nitrogen (NO2
–N). According 
to the standard methods (APHA, 2005, Methods No 15.4) TSS and VSS were analyzed. To analyze 
the soluble parameters i.e., ammonia, nitrite, nitrate, and soluble COD (SCOD), a 0.45 µm filter 





































6.2.5 Statistical analysis 
 Excel software was used to conduct T-tests and regression analysis. T-tests assessed the 
significance of statistical differences using the method of Two-Sample Assuming Unequal 
Variances and the significance was determined with a probability (p) value i.e. p < 0.05 
corresponding to a 95% confidence level.  
6.3 Results and discussion 
6.3.1 Influence of initial anammox biomass on reactor performance 
Four 100-ml semi-continuous stirred tank reactor packed with SS-SA anammox gel beads 
at a packing ratio of 30% containing biomass concentrations of 208 mg/L to 540 mg/L were 
operated for 30 days at 370 C. Nitrogen loading rates were increased from 0.09 kg N/m3-d to 0.17 
kg N/m3-d when after stabilization of  effluent concentrations for 7 consecutive days. Hydraulic 
retention times and feed flow of all reactors were maintained at 24 hr, and 100 ml/d in phase I. 
Operational conditions and steady-state performances of four reactors are given in Table 6.2. In 
the anammox process, the molar ratios of consumed NO2-N to consumed NH4-N and produced 
NO3-N to consumed NH4-N reflect the anammox activity. The ratios of ΔNO2/ΔNH4 and 
ΔNO3/ΔNH4 of all four reactors at steady state were in the range between 1.1 to 1.45 and 0.11 to 
0.24, respectively, close to the theoretical stoichiometric ratios of 1.32 for ΔNO2/ΔNH4 and 0.16 
for ΔNO3/ΔNH4 (Strous et al., 1998; Lotti et al., 2014), indicating that anammox biomass was 
responsible for the nitrogen removal in four reactors.  
As seen from Table 6.2, the average influent NH4-N and NO2-N concentrations from day 
1 to day 17 were 37.0 mg/L, and 51.2 mg/L, respectively, and from day 18 to day 30 were 71.0 




13.7 mg/L (R1), 7.3 mg/L (R2), 7.1 mg/L (R3), and 6.4 mg/L (R4); and NO2-N concentrations 
were 17.3 mg/L (R1), 15.9 mg/L (R2), 9.6 mg/L (R3), and 8.4 mg/L (R4). The average effluent 
NH4-N and NO2-N concentrations  increased to 26.9 mg/L and 35.8 mg/L for R1, 15.2 mg/L and 
16.8 mg/L, 13.2 mg/L and 17.4 mg/L, 12.9 mg/L and 17.2 mg/L, respectively. Figure 6.3a shows 
the time courses of nitrogen loading rates (NLRs) and nitrogen removal rates (NRRs) of four 
reactors for 30 days of operation. In phase Ia, the NRRs of R1, R2, R3, and R4 reactors were 0.03 
kg-N/m3, 0.04 kg-N/m3, 0.05 kg-N/m3, and 0.06 kg-N/m3 after 5 days indicating that NRRs were 
dependent on anammox loading for the initial five days, i.e., higher initial anammox loading 
resulted in higher in NRRs (Figure 6.3). However, the difference in NRR became small with time, 
and almost the same NRRs of about 0.07 kg-N/m3 were achieved in all reactors after 10 days except 
for reactor 1 (containing the lowest anammox biomass of 208 mg/L) achieved 0.06 kg-N/m3. 
However, as seen from Figure 6.3a, the difference of NRR between R1 (0.10 kg-N/m3 within 24 
days) and the remaining three reactors (0.13 kg-N/m3 within 24 days) became high at higher NLR 
0.17 kg-N/m3.  Figure 6.3b shows the removal efficiencies of four reactors for 30 days of operation. 
In phase Ia, a maximum of 62% nitrogen removal efficiency (NRE) was observed for the R1 
reactor, whereas R2, R3, and R4 reactors showed comparatively higher NREof 74%, 77%, and 
78% at an NLR of 0.09 kg N/m3. In phase Ib, removal efficiencies of R1 (59%), R2 (76%), R3 
(77%), and R4 (78%) reactors remained almost the same. NREfor R2, R3, and R4 reactors at both 
NLR of 0.09 kg N/m3 and 0.17 kg N/m3 were close to the previously observed NRE of 79% using 
immobilized anammox biomass on PVA-SA in 1.4 L CSTR at NLR of 0.51 kg N/m3 at 35 0C 
(Margi et al., 2012). T-test conducted on the nitrogen removal efficiencies indicate that the 
difference of NRE between R2 compared to R1 was statistically significant (p < 0.05). In contrast, 




removal performance analysis a minimum concentration of anammox biomass of 311 mg/L was 




Table 6. 2 Operational conditions and steady-state performance of semi-CSTRs fed with SWW at 370 C 
Parameters 
Phase 1a Phase 1b 
R1 R2 R3 R4 R1 R2 R3 R4 
Time of operation (d) 1 to 17 18 to 30 
Feed flowrate (ml/d) 100 100 
HRT (hr) 24 24 
Feed characteristics 
Samples # 11 8 
NH4-N (mg/L) 37 ± 1.5 71 ± 2.4 
NO2-N (mg/L) 51.2 ±1.1 94.7 ± 1.6 
NO3-N (mg/L) 2.7 ± 0.3 3.3 ± 0.4 
NLR (kg/m3-d) 0.09 0.17 
Effluent characteristics 
Samples # 6 5 
NH4-N (mg/L) 13.7 ± 1.1 7.1 ± 0.5 6.4 ± 1 6.0 ± 0.3 26.9 ± 1.8 15.2± 1.7 13.2 ± 0.7 12.9 ± 0.5 
NO2-N (mg/L) 15.9 ± 1.7 9.6 ± 0.7 8.4 ± 0.9 8.0 ± 0.9 35.8 ± 2.7 16.8 ± 2.0 17.4 ± 1.9 17.2 ± 1.2 
NO3-N (mg/L) 5.3 ± 0.3 7.3 ± 0.5 6.1 ± 0.5 5.9 ± 1 7.3 ± 0.7 9.3 ± 1.1 8.5 ± 0.6 8. ± 0.9 
NRR (kg/m3-d) 0.06 0.07 0.07 0.07 0.10 0.13 0.13 0.13 
Removal efficiencies (%) 
Total nitrogen  61.5 ± 1.03 73.5 ± 2.7 77 ± 1.8 78 ± 1.8 59 ± 2.5 76 ± 2.1 77 ± 2.1 78 ± 3.1 
NH4-N  63.2 ± 1.6 80.1 ± 1.7 83 ± 2.7 84 ± 1.6 62 ± 1.8 78.5 ± 2.4 81.3 ± 1 82 ± 1.1 








Figure 6. 3 Temporal variations of (a) nitrogen loading rates (NLRs) and nitrogen removal rates 
(NRRs), and (b) nitrogen removal efficiency in the semi-CSTRs 
To investigate the activity of anammox in each reactor, specific anammox activity (SAA) 
was calculated by normalizing removal rates of nitrogen (g N)  to the  anammox biomass (g VSS) 
at any time. Equation 1 was used to estimate the anammox biomass in the effluent beads to 
determine the biomass detachment where anammox remaining at any time was calculated.  










… … … … … . (1) 












 represents the ratio of VSS to TSS of the anammox biomass of 0.51± 0.04 (3).   
Therefore, VSS of anammox that remained in the reactor could be estimated using equation 2.  
𝐴𝑛𝑚𝑥𝑡 = 𝐴𝑛𝑚𝑥𝑡−1 + 𝑌 ∗
𝑑𝑠
𝑑𝑡
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Here, 𝐴𝑛𝑚𝑥𝑡  represents anammox remaining at time (t), 𝐴𝑛𝑚𝑥𝑡−1 represents anammox remaining 
at time (𝑡 − 1), 𝑌 represents anammox yield (
𝑚𝑔 𝑉𝑆𝑆
𝑚𝑔 𝑁𝐻4−𝑁
), 𝑏 represents decay of anammox 




(Jin et al., 2012) and anammox decay (b) of 0.002 d-1 (Hao et al., 2002; Scaglione et al., 2009) 
were used in equation  2..  
Average SAA of R1, R2, R3, and R4 reactors were 0.09 g N/g VSS-d, 0.08 g N/g VSS-d, 
0.06 g N/g VSS-d, and 0.05 g N/g VSS-d, respectively at NLR of 0.09 kg-N/m3. Increase  of NLR 
from 0.09 kg-N/m3 to 0.17 kg-N/m3 ,  increased  average SAA  to 0.20 g N/g VSS-d for R1 reactor, 
0.17 g N/g VSS-d for R2 reactor, 0.13 g N/g VSS-d for R3 reactor, and 0.10 g N/g VSS-d for R4 
reactor indicating that SAA of R1 and R2 reactors were close. SAA of R1 and R2 reactors in phase 
Ib at 37oC were close to the SAA of 0.20 g N/g VSS-d for suspended anammox sludge by Hulle 
et al. (2010) at 370 C and SAA of 0.18 g N/g VSS-d for PVA-SA anammox beads (Wisniewska et 
al., 2020) at 300 C. Although R1 showed a slightly higher SAA compared to R2 reactor, 
considering higher nitrogen removal efficiency of 76% in R2 reactor compared to 59% in R1 
reactor at NLR of 0.17 kg-N/m3, the anammox biomass of 311 mg/L was used for the startup of 
the AFBRs in phase II and phase III. 
5.3.2 Impact of packed bed ratio of immobilized beads in anammox fluidized bed reactors 
Four fluidized bed bioreactors were inoculated with immobilized anammox SS-SA beads 
at different packing ratios of 20% in AFBR1, 30% in AFBR2, 45% in AFBR3, and 60% in AFBR4 
with 311 mg VSS/L of anammox biomass. All reactors were run for 45 days at room temperature 
(24 ± 2 0C) except reactor 4. Maintaing the bed expansion in AFBR4 was hard from the beginning  




days. The reactors were fed with synthetic wastewater, and influent NH4-N and NO2-N 
concentrations were maintained at 108 mg/L and 142 mg/L, respectively. Hydraulic retention 
times (HRT) were initially set at 48 hr and gradually reduced to 12 hr. Operational conditions and 
steady-state performances are listed in Table 6.3. Phase II was divided into three subphases of 
phase IIa (day 1 – day 21), phase IIb (day 21 – day 33, HRT of 24 hr, NLR of 0.25 kg N/m3-d), 
and phase IIc (day 34 – 45, HRT of 12 hr, NLR of 0.51 kg N/m3-d). Hydraulic retention times and 
nitrogen loading rates in phases IIa, IIb, and  IIc were maintained at 48 hr and 0.13 kg N/m3-d, 24 
hr, and 0.25 kg N/m3-d, and 12 hr and 0.51 kg N/m3-d, respectively. Consumed NO2-N to and 
produced NO3-N to consumed NH4-N ratios were in the range of 1.1 to 1.4 and 0.10 to 0.19, 
respectively, close to the theoretical stoichiometric ratios of anammox process, i.e., 1.32 and 0.16, 




Table 6. 3 Operational conditions and steady state performance of AFBRs fed with SWW at room temperature 
Parameters 
Phase IIa Phase IIb Phase IIc 
R1 R2 R3 R1 R2 R3 R1 R2 R3 
Operation time (d) 1 to 21 21 - 33 34 - 45 
Feed flowrate (L/d) 0.25 0.5 1 
HRT (hr) 48 24 12 
Feed characteristics 
Sample # 13 10 8 
NH4-N (mg/L) 108.2 ± 1.4 109.1 ± 1.4 108.1 ± 1.2 
NO2-N (mg/L) 142.5 ± 2.3 142 ± 2.4 143 ± 1.5 
NO3-N (mg/L) 2.3 ± 0.2 2.2 ± 0.3 4.5 ± 0.7 
NLR (kg N/m3-d) 0.13 0.25 0.51 
Effluent characteristics 
Sample # 8 6 6 
NH4-N (mg/L) 33.3 ± 1.9 26.2 ± 2.7 18.6 ± 2.7 31.4 ± 1.5 19.5 ± 2.5 19.4 ± 1.1 31.3 ± 1 17.3 ± 2.4 17.5 ± 2.9 
NO2-N (mg/L) 44.8 ± 3.3 36.4 ± 3.1 28.6 ± 1.5 43.6 ± 2.1 29.3 ± 1.5 27.6 ± 1.5 44.3 ± 2.2 27.5 ± 2.2 26.9 ± 3.1 
NO3-N (mg/L) 13.6 ± 0.6 10.1 ± 1.5 11.5 ± 1.3 13.8 ± 1.1 12.9 ± 1.1 12.0 ± 1.1 13.8 ± 0.5 15.8 ± 1.7 12.4 ± 1.4 
NRR (kg/m3-d) 0.08 0.09 0.10 0.17 0.19 0.20 0.35 0.39 0.40 
Removal efficiencies (%) 
Total nitrogen  63.4 ± 2.3 71.2 ± 2.8 76.8 ± 1.3 65.9 ± 2.8 75.7 ± 2.1 77.2 ± 1.9 67.6 ± 1.5 76.4 ± 1.4 77.9 ± 1.7 
NH4-N  69.0 ± 3.6 75.7 ± 1.9 82.9 ± 2.3 71.2 ± 2.3 82.1 ± 2.3 82.3 ± 1.9 74.4 ± 1.1 84.0 ± 2.4 83.8 ± 2.9 




Figure 6.4 shows the temporal variations of NLR, NRR, and NRE for the  three AFBRs at 
room temperature (24 ± 2 0C). The AFBR1 achieved NRR of 0.08 kg N/m3-d after 11 days, 
whereas AFBR2 and AFBR3 achieved NRR of 0.09 kg N/m3-d and 0.10 kg N/m3-d after 6 days 
at an NLR of 0.13 kg N/m3-d indicating that the start-up time of AFBR1 was almost twice that of 
AFBR2 and AFBR3. The differences in NRR between AFBR1 (0.08 kg N/m3-d), AFBR2 (0.09 
kg N/m3-d), and AFBR3 (0.10 kg N/m3-d) were small at an NLR of 0.13 kg N/m3-d.  At a NLR of 
0.51 kg N/m3-d AFBR1, AFBR2, and AFBR 3 achieved maximum NRR of 0.35 kg N/m3-d, 0.39 
kg N/m3-d, and 0.40 kg N/m3-d, respectively indicating that differences in  NRR between  AFBR1 
and  AFBR2 and AFBR3  increased with loadings . However, the observed NRRs in current study 
were significanlty higher than the NRR of 0.0017 kg N/m3-d  observed in  FBR of 23 ml working 
volume and 35% of immobilized anammox on PVA-SA (Landreau et al., 2020).  Figure 6.4b 
shows nitrogen removal efficiencies in all reactors. Nitrogen removal efficiencies in AFBR1 
packed with 20% anammox gel beads were close to 65% in phase II, whereas AFBR2 achieved 
nitrogen removal efficiencies of 71.2%, 75.6 %, and 76.4% at NLRs of 0.13 kg N/m3-d, 0.26 kg 
N/m3-d, and 0.51 kg N/m3-d., respectively. T-test conducted on the nitrogen removal efficiencies 
at NLR of 0.13 kg N/m3-d, 0.25 kg N/m3-d, and 0.51 kg N/m3-d indicate that the differences of 
NRE between R2 compared to R1 and R3 were statistically significant (p < 0.05) at NLR of 0.13 
kg N/m3-d. The  differences of NRE between R2 and R1 at NLR of 0.25 kg N/m3-d and 0.51 kg 
N/m3-d were also statistically significant. However, The differences of NRE between R2 and R3 
at  NLR of 0.25 kg N/m3-d and 0.51 kg N/m3-d were insignificant (p > 0.05). Based on the 
statistical analysis and  the nitrogen removal efficiencies of 77% in AFBR3, the differences in 





Figure 6. 4 Time courses of (a) nitrogen loading rates (NLRs) and nitrogen removal rates (NRRs), 
and (b) nitrogen removal efficiency for the three anammox fluidized bed bioreactors containing 
immobilized anammox biomass  
Figure 6.6a shows the impact of the packed bed ratio on reactor performance at three 
different NLRsfor the three AFBRs. Despite the same recirculation flow and initial biomass, NRE 
varied due to variation of anammox detachment as discussed later. Effluent anammox biomass of 
AFBR1, AFBR2, and AFBR3 after 45 dyas were estimated as 66.4 mg, 46.4 mg, and 35.0 mg 
corresponding to average anammox detachment rates of 1.48 mg VSS/d, 1.03 mg VSS/d, and 0.78 
mg VSS/d. Diurnal variations of SAA considering the anammox biomass at any given time were 
estimated. As seen from Figure 6.5b, diurnal variation of SAA for all reactors were close in phases 
IIa and IIb. Although a higher SAA of 0.71 g N/g VSS-d in AFBR1 was observed compared to  
SAA of 0.61 g N/g VSS-d in AFBR2 and 0.47 g N/g VSS-d in AFBR3,  the comparable NRE  
(78%,70%, and 79% in AFBR2, AFBR 1, and AFBR3) shows that packing ratio of 30% is 
favourable for enhanced nitrogen removal at NLR of 0.51 kg N/m3-d.  However, the observed 
SAA in each AFBR were significantly higher then the previously observed SAA of 0.013 g N/g 


































































Figure 6. 5 (a) Impact of packed bed ratio on nitrogen removal at three different nitrogen loading 
rates for 45 days (b) Diurnal variation of SAA (g N/g VSS-d)  
Figure 6.6a – 6.6c shows temporal variations of effluent TSS and  bed expansion for all 
reactors packed from 20% to 45% of anammox gel bead. As seen from Figure 6.6a – 6.6c, bed 
expansion in AFBR1, AFBR2, and AFBR3  ranged from 39% to 54%, 46% to 64%, and 62% to 
83%, respectively at recirculating liquid flow rate of 4L/h. The cumulative effluent dry mass at the 
end of experiment in AFBR1, AFBR2, and AFBR3 were 41%, 38%, and 27% of the initial dry 
mass of 1.56 gm, 2.33 gm, and 3.52 gm, respectively. Therefore, an increased bed expansion in 
each reactor was observed whereas the upflow velocity was constant. As seen from Figure 6.6d, 
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Figure 6. 6 Temporal variations of cumulative effluent TSS and bed expansion in (a) AFBR1, (b) 
AFBR2, (c) AFBR3, and (d) relationship between anammox detachment rates and packing ratios. 
6.3.3 Influence of micro-needle pierced holed beads in fluidized bed bioreactor 
Two reactors, one as a control fluidized bed reactor (CFBR) with non-holed anammox gel 
beads and the other as a porous fluidized bed reactor (PFBR) with holed anammox gel bead were 
inoculated at 30% packing ratio to explore the impact of holed anammox gel beads on nitrogen 



































































































































































prepare the holed anammox gel beads. The increase in the porosity of the  beads of 0.09 was 




… … … … … . . (3) 
Where 𝑉𝑏𝑒𝑎𝑑𝑠 is volume of beads and 𝑉ℎ𝑜𝑙𝑒 is volume of hole. 𝑉𝑏𝑒𝑎𝑑𝑠 and 𝑉ℎ𝑜𝑙𝑒 can be estimated 





3 … … … … … . (4) 
𝑉ℎ𝑜𝑙𝑒 = 𝑛 ∗ ᴨ 𝑟𝑛𝑒𝑒𝑑𝑙𝑒
2 ∗ 𝑑ℎ𝑜𝑙𝑒 … … … … . . (5) 
Where 𝑟𝑏𝑒𝑎𝑑𝑠 is the radious of beads (1.14 mm), 𝑟𝑛𝑒𝑒𝑑𝑙𝑒 is the radious of needle (0.20 mm), n is 
the number of holes (2),  𝑑ℎ𝑜𝑙𝑒  is the  depth of the hole (0.40 mm). 
The immobilized anammox gel beads containing initial biomass concentration of 311 mg/L 
in CFBR were operated for 36 days, and the PFBR was operated for 43 days at room temperature 
(24 ± 2 0C). Both reactors were fed with synthetic medium containing NH4-N and NO2-N 
concentrations of 106.6 mg/L and 141.2 mg/L. Operational conditions and steady-state 
performances of CFBR and PFBR are given in Table 6.4. Three different HRT of 24 hr from day 
1 - 18, 12 hr from day 19 - 30, and 6 hr from day 31 - 43 were maintained in phase III. Nitrogen 
loading rates were 0.25 kg N/m3-d in phase IIIa, 0.50 kg N/m3-d in phase IIIb, and 1.01 kg N/m3-







Table 6. 4 Operational conditions and steady state performance of CFBR & PFBR fed with 
SWW at room temperature 
 Parameters 
Phase IIIa Phase IIIb Phase IIIc* 
CFBR PFBR CFBR PFBR CFBR PFBR 
Time of operation (d) 1 to 18 19 - 30 31 - 43 
Feed flowrate (ml/d) 0.5 1 2 
HRT (hr) 24 12 6 
Feed characteristics 
Sample # 10 9 9 
NH4-N (mg/L)  106.6 ± 1.21  
NO2-N (mg/L)  141.2 ± 1.57  
NO3-N (mg/L)  2.8 ± 0.29  
NLR (kg/m3-d) 0.25 0.5 1.01 
Effluent characteristics 
Sample # 6 5 
 
5 
NH4-N (mg/L) 20.6 ± 4.2 13.2 ± 0.7 24.6 ± 1.55 14.8 ± 1.2 - 16.8 ± 1.8 
NO2-N (mg/L) 31.7 ± 3.6 20.9 ± 3.4 34.3 ± 1.97 21.4 ±1.4 - 24.6 ± 1.5 
NO3-N (mg/L) 12.5 ± 1.5 9.5 ± 1.07 12.1 ± 0.6 12.2 ± 0.8 - 9.6 ± 0.67 
NRR (kg/m3-d) 0.18 0.21 0.36 0.40 - 0.81 
Removal efficiencies (%) 
Total nitrogen  73.9 ± 2.3 82.8 ± 0.81 71.3 ± 1.5 80.7 ± 0.83        - 79.9 ± 1.1 
NH4-N  80.5 ± 1.2 87.6 ± 2.74 76.5 ± 2.6 86.2 ± 2.1 - 84.4 ± 1.7 
NO2-N  77.4 ± 2.4 85.2 ± 2.3 77.1 ± 1.3 84.8 ± 2.1 - 82.8 ± 1.1 
*The CFBR failed at the beginning of Phase IIIc and the tabulated data is for the PFBR 
Figure 6.7 shows the temporal variations of NLR, NRR, and NRE of CFBR and PFBR. As 
seen in  Figure 6.7a, the CFBR and PFBR achieved NRR of 0.18 kg N/m3-d and 0.21 kg N/m3-d 
at NLR of 0.25 kg N/m3-d, 0.36 kg N/m3-d and 0.40 kg N/m3-d at NLR of 0.5 kg N/m3-d. On day 




inside the reactor, resulting in biomass loss in the effluent as well as deteriorated CFBR 
performance. Based on equation 1, a maximum of 121 mg (78% of the initial biomass) anammox 
biomass was lost from day 31 to day 36 whereas only 5.5 mg anammox biomass was lost  from 
day 31 to day 36 in the  CFBR. A complete failure of the CFBR was observed after 36 days of 
operation. At NLR of 1.01 kg N/m3-d, the generation of nitrogen inside the gel beads  decreased 
the integrity of the beads and resulted in biomass washout from the CFBR. On the other hand, the 
holed anammox gel beads helped to release the nitrogen gas from the gel beads. As seen from 
Figure 6.7a, PFBR showed a maximum NRR of 0.81 kg N/m3-d at NLR of 1.01 kg N/m3-d after 
35 days without any  operational problems. Moreover, the PFBR showed 10% higher NRE than 
the CFBR from the beginning of the experimental run. As seen in Figure 6.7b,  the PFBR achieved 
nitrogen removal efficiencies of 82.8% in phase IIIa and 80.7% in phase IIIb, whereas CFBR 
achieved nitrogen removal efficiencies of 73.9% in phase IIIa, and 71.3% in phase IIIb. In phase 
IIIc, the PFBR achieved nitrogen removal efficiencies of 80% after 40 days of operation, indicating 
that micro-needle injected anammox gel beads may promote the transfer of substrates and release 
of nitrogen gas from gel beads. However, NRE in PFBR decreased to 53% on day 42 due to the 
loss of 87.7 mg (57% of the initial anammox biomass) in the effluent which deteriorated the PFBR 
performance. T-test conducted on the nitrogen removal efficiencies at  NLR of 0.25 kg N/m3-d, 
0.50 kg N/m3-d , and 1.01 kg N/m3-d indicate that differences of NRE between CFBR and PFBR 
were statistically significant (p < 0.05) for all three NLR. Figure 6.8  shows the temproal variations 
of cumulative effluent TSS in the reactors  and bed expansions in CFBR and PFBR. In phase IIIa, 
an initial bed expansion of 50% was observed in both reactors,  increasing  to 60% for CFBR and 
55% for PFBR after 30 days, due to loss of biomass in the effluent resulting in decreased beads 




loss at a rate of 0.015 (± 0.003) g TSS/d for CFBR and 0.014 (± 0.003) g TSS/d for PFBR. 
However, bed expansion in phase IIIc rapidly increased and reached 100% after 36 days in the  
CFBR and 65% in the PFBR after 40 days. The cumulative dry mass of anammox gel beads, 
leaving the CFBR was 0.45 gm after 30 days and 1.46 gm  after 36 days, indicating almost 1 gm 
of dry anammox gel beads was lost within 6 days. On the other hand, effluent dry masses in the 
PFBR were  0.43 gm  after 30 days and 0.73 gm after 40 days, indicating 0.30 gm of dry mass lost 
in  10 days. However, a significant loss of dry mass  of 1.3 gm TSS in PFBR was observed after 
42 days indicating that beads’ disintegrations were rapid and fast once it started . 
  
Figure 6. 7 Temporal variations of (a) nitrogen loading rates (NLRs) and nitrogen removal rates 


























































Figure 6. 8 Cumulative dry leaving mass of anammox gel beads and temporal variation of bed 
expansion over time in (a) CFBR, and (b) PFBR inoculated with anammox gel beads 
As shown in Figure 6.9, the cumulative effluent anammox biomass in the CFBR and PFBR 
were  29.5 mg and 12.2 mg, respectively after 30  days of reactor operation indicating that the 
holed anammox beads were able to reduce the biomass loss at  NLR of 0.5 kg N/m3-d by 59%. 
However, the cumulative effluent biomass jumped from 29.5 mg on day 30 to 150 mg on day 36 
for CFBR, i.e. almost 120 mg biomass was released from CFBR within 6 days, whereas only 4.9 
mg of biomass was released from PFBR during the same period. However, biomass loss of 105 
mg in the PFBR effluent was observed from day 40 to day 43 indicating FBR with holed anammox 
























































































Figure 6. 9 Cumulative effluent anammox biomass in the CFBR and PFBR  
6.3.4 Mechanism of beads’ disintegration 
Beads’ disintegration is one of the major concerns in the immobilized anammox process 
as vulnerable structure in anammox beads was observed after 35 days of UCR operation (Ali et 
al., 2015). It is postulated that the two main mechanisms contributing to the loss of anammox 
biomass are the disintegration of the immobilized bead due to dissolution of the sodium alginate 
and the breakup of the gel bead due to the nitrogen gas produced by the anammox. This sections 
explores the relative importance of each of the two mechanisms. With respect to the first 
mechanism, the ratio of the alginate to anammox biomass is postulated as the key variable. Since 
the feed does not contain any COD, the effluent SCOD originates from the dissolution of the 
alginate gel  from the beads. Figure 6.10 shows the temporal variation of effleunt SCOD from the 
reactors. The mass of effluent alginate was thus determined using the alginate COD of 0.9 gCOD/g 
sodium alginate. Thus, the sodium alginate remaining at any time t, would be the original amount 
in the reactor beads of 1.56 gm for AFBR1, 2.33 gm for AFBR2, 3.52 gm for AFBR3, and 2.33 































𝐺𝑒𝑙𝑙 𝑡𝑜 𝑎𝑛𝑎𝑚𝑚𝑜𝑥 𝑟𝑎𝑡𝑖𝑜 =
𝑆𝐴𝑟
𝐴𝑛𝑚𝑥𝑡
… … … … … … . (6) 
Where 𝐴𝑛𝑚𝑥𝑡 is the biomass of anammox at given time, as given by equation 2 above,  and 𝑆𝐴𝑟is 
the sodium alginate remaining at given time. 𝑆𝐴𝑟 was  estimated using equation 7. 
𝑆𝐴𝑟 = 𝑆𝐴𝑜 − 𝑆𝐴𝑙𝑜𝑠𝑠 … … … … … . (7) 
Where 𝑆𝐴𝑜 is the original amount of sodium alginate in the reactor, 𝑆𝐴𝑙𝑜𝑠𝑠is the cumulative loss 
of sodium alginate at given time.  
 
Figure 6. 10 Temporal variation of effluent SCOD (mg/L) for anaerobic fluidized bed reactors 
Figure 6.11 shows the profile of the gel-to-anammox mass ratios and trend of cumulative 
effluent anammox over time. As seen from Figure 6.11, the cumulative effluent anammox and gel 
to anammox ratios increased with time. The increase of the gel-to-anammox ratios with time 
indicates that the mass of gel available for the immobilization of the biomass at the end of the 
experiment was in fact more than at the beginning i.e. with the fresh beads. It is thus obvious that 
disintegration could not be attributed to inadequate alginate for biomass encapsulation. It is 






















AFBR2 and AFBR3, day 23 for CFBR, and day 36 for PFBR. The specific anammox activities in 
AFBR1, AFBR2, AFBR3, CFBR, and PFBR were estimated as 0.29 g N/g VSS-d on day 18, 0.33 
g N/g VSS on day 20, 0.33 g N/g VSS-d on day 20, 0.34 g N/g VSS-d on day 23, and  0.40 g N/g 
VSS-d on day 36, respectively. It is interesting to note that breakthrough (disintegration of the 
anammox beads) in the solid (non-holed) occurred in all 4 reactors within a very narrow range of 
SAA i.e. 0.29-0.34 gN/gVSS-d .  Considering the anammox activities on the start of disintegration, 
SAA in PFBR (0.40 g N/g VSS) were 15% higher compared to CFBR (0.34 g N/g VSS) which 
was reflected in operation time because PFBR was able to operate 16% longer than the  CFBR. 
Disintegration in the PFBR started at SAA of 0.40 g N/g VSS-d whereas disintegration in the 
CFBR started at SAA of 0.34 g N/g VSS-d. These results indicate that micro-needle pierced holed 

































































































Figure 6. 11 Gel to anammox profiles and trend of cumulative effluent anammox over time (a) 
AFBR1, (b) AFBR2, (c) AFBR3, (d) CFBR, and (e) PFBR 
To further investigate the realtionship between detachment and biomass activity, the 
variation of detached biomass with SAA is shown in Figure 6.12. The detached biomass increased 
linearly with SAA. This may be attributed to the increased diffusion of nitrogen gas from the 
immobilized biomass, as a result of higher activity, which accordnig to Fick’s law is proportional 
to the concentration gradient. This positive correlation between detachment rate and SAA clearly 
indicates that the hindrance to the diffusion of nitrogen outside of the bead is the main 




































































































































SAA at 0.25 kg N/m3-d and SAA at 0.50 kg N/m3-d for the CFBR and PFBR were not statistically 
significant (p > 0.05) whereas the differences in SAA at 0.50 kg N/m3-d and at 1.01 kg N/m3-d 
were significant (p < 0.05). This clearly indicates that at low NLR, the PFBR is not advantageous 
to the CFBR implying that the gel structure porosity did not limit the diffusion of nitrogen whereas 
at high loadings, nitrogen diffusion limitations were abated by the holed gel beads. Thus, given 
that a 9% increase in porosity affected a 16% increase in operational time to 36 days, it is possible 



































































































Figure 6.12 Detachment rate (DR) vs specific anammox activity (SAA) for (a) AFBR1, (b) 
AFBR2, and (c) AFBR3, (d) CFBR, and (e) PFBR  
6.4 Summary and Conclusions 
Based on the results of this study, the following conclusions can be drawn: 
• The optimum packing ratio of the immobilized anammox gel beads in fluidized bed 
reactors was 30% by volume, with NRE of 76.4% at NLR of 0.51 kg N/m3-d and SAA of 
0.61 g N/g VSS-d. 
• CFBR and PFBR achieved the NRR of 0.18 kg N/m3-d and 0.21 kg N/m3-d at NLR of 0.25 
kg N/m3-d, 0.36 kg N/m3-d and 0.40 kg N/m3-d at NLR of 0.51 kg N/m3-d.  
• PFBR achieved a maximum NRR of 0.81 kg N/m3-d at NLR of 1.01 kg N/m3-d after 35 
days without operational difficulties whereas anammox gel beads in CFBR started to break 


























• The main mechanism for triggering bead disintegration is the anammox biomass activity 
with breakup starting at 0.29-0.34 gN/gVSS-d for non-holed beads and 0.4 gN/gVSS-d for 
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7 Conclusions and recommendations for future work 
7.1 Conclusions 
A sustainable anammox gel beads was developped using sodium alginate (SA) mixed with 
three different support materials, including polyvinyl alcohol (PVA), sodium silicate (SS), and 
colloidal silica (CS) to improve the integrity of beads as well as accelerate start-up of the anammox 
process. A detailed characterization and comparison of anammox gel beads considering mechanical 
strength, diffusivity, swelling coefficients, and change of effective diameter was conducted using four 
lab-scale semi-continuous stirred tank reactors (CSTRs).  Sodium alginate sodium silicate (SA-
SS) beads showed the minimum reduction in effective diameter of 24% compared to to sodium alginate 
(SA) beads, SA-PVA beads, and SA -CS beads of 98%, 57%, and 96%, respectively indicating higher 
integrity of B2 beads. Moreover, SA-SS beads in R2 reactor showed the maximum biomass retention after 
30 days of operation, relative to the initial mass of 72% compared to 3%, 44%, and 5% for SA beads in 
R1reactor, SA-PVA beads in R3 reactor, and SA-CS beads in R4 reactor, respectively. Total nitrogen 
removal efficiencies of 8%, 80%, 64%, and 10% were achieved by R1, R2, R3, and R4 reactors, 
respectively. The diffusion coefficients (De) of ammonium in anammox gel beads was maximum for B2 
beads (26.2 µm2/s) compared to B1 (18.8 µm2/s), B3 (22.4 µm2/s), and B4 (13.9 µm2/s) beads indicating 
the enhanced internal mass transfer. The maximum specific growth rates (µmax) of anammox bacteria were 
estimated as 0.031 d-1 for R2 reactors compared to 0.005 d-1 for R1 reactor and 0.013 d-1 for R3 
reactor.  
To further explore the use of the beads in anammox processes, the current work focussed 




bioreactors (AFBRs), and  assessing the impact of micro-needle injected holed anammox gel beads 
in AFBRs. Although sodium alginate for immobilization of anammox biomass was used to prepare 
holed beads with continuum passages from 10 µm to 20 µm  throughout the bead (Hoa et al., 
2006), the long-term durability and performance of anammox gel beads has been questionable due 
to vulnerable beads’ integrity. Therefore, the current study also investigated the durability, 
mechanism of beads’ disintegration, and efficiency of   holed immobilized anammox  beads for 
nitrogen removal using two identical fluidized bed bioreactors. The optimium packing ratio of the 
immobilized anammox gel beads in fluidized bed reactors was 30% by volume, with nitrogen 
removal efficiency (NRE) of 76.4% at nitrogen loading rate (NLR) of 0.51 kg N/m3-d and specific 
anammox activity (SAA) of 0.61 g N/g VSS-d. The relationship  between detachment rates and 
specific anammox activity (SAA) indicated that sensitivities of detachment rate to changes in SAA 
at the 30% (v/v) and 45% packing ratios were 20% and 30% lower than at the 20% packing 
ratio,implying that the higher SAA affected less detachment and bead breakup at the 30% and 45% 
than at  20%.   Furthermore, the  porous fluidized bed reactor (PFBR) exhibited 20% lower 
sensitivity than the control fluidized bed reactor (CFBR). A positive correlation between 
detachment rate and SAA was observed which clearly indicates that the hindrance to the diffusion 
of nitrogen outside of the bead is the main disintegration mechanism. The main mechanism for 
triggering bead disinegration was the anammox biomass activity with breakup starting at 0.29-
0.34 gN/gVSS-d for non-holed beads and 0.4 gN/gVSS-d for the holed beads. The PFBR, utilizing 
9% more holed beads than the control,  achieved a maximum NRR of 0.81 kg N/m3-d at NLR of 
1.01 kg N/m3-d with NRE of 80%  after 35 days without operational problems, whereas the control 
fluidized bed reactor (CFBR) with non-holed anammox gel beads failed after 30 days due to 





The current experimental work has the following  limitations : 
• Anammox immobilization was limited to sodium silicate, polyvinyl alcohol, and colloidal 
silica only, whereas the researcher also investigated various synthetic polymers, including 
waterborne polyurethane (WPU) and polyethylene glycol (PEG) for anammox 
immobilization . A comparative study conducted to evaluate the stability and mechanical 
strength of different support material including WPU, PVA-SA, PVA, and SA  concluded 
that WPU revealed higher mechanical strenth compare to other three support materials 
(Chen et al., 2015). However, very few studies used WPU for anammox immobilization 
for long term nitrogen removal and thus, WPU meritsfurther research.  
• Experimental work in fluidized bed reactor was limited for the holed anammox gel beads 
as carrier media, without maximization/optimization of beads porosity.  
• Although beads disintegration was observed as a bottleneck to application in full-scale 
treatment requiring continuous augmentation, SA-SS immobilized anammox can be an 
excellent alternative to use as a seeding material due to the rapid start-up of the reactor. 
However, SA-SS immobilized anammox bead was deemed to supply regularly as a 
supplement for continuing the reactor performance.  
• Considering the full-scale application of SA-SA immobilized anammox beads, 
experimental work was limited to fluidized bed reactor. The SA-SS immbilized beads 
could implemented in full-scale SBRs, similar to aerobic granular sludge. However, the 
current study did not investigate the impact of mixing intensity/shear stress on beads’ 




• Experimental work was limited to  synthetic wastewater.  Performance of the reactor using 
real wastewater may potentially be adversely impacted by suspended solids, and both 
particulate and soluble organics. . 
• Neither a detailed study of solubilization of COD nor the impact of SCOD leaching from 
beads on different microorganisms, including nitrifiers and denitrifiers other than 
anammox, was investigated.  
7.3 Recommendations for future works 
Based on the findings of the Ph.D research, future research should address the following areas: 
• The development of more holed beads is key to the long-term process sustainability and 
thus merits extensive investigation. 
• The hydrodynamic behaviour of immobilized anammox beads and how it changes over 
time. 
• The impact upflow liquid velocities on bed expansion and detachment in fluidized bed 
reactors. 
• Reactor performance using immobilized anammox beads for low strength ammonia as it 
impacts long-term  durability. 
• The integration of this process with short-cut nitrification in a single fluidized bed, with 
the anammox beads as carriers for ammonia-oxidizing bacteria in a low DO-controlled 
FBR must be researched.  
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Appendix A Supplementary information for chapter 3 
NLR (mg N/L-d)  
  24.8 122.1 
Mean 0.02054 0.20075 
Variance 5E-05 0.0012 
Observations 18 18 
Hypothesized Mean 
Difference 0  
df 18  
t Stat -21.648  
P(T<=t) one-tail 1.2E-14  
t Critical one-tail 1.73406  
P(T<=t) two-tail 2.4E-14  
t Critical two-tail 2.10092   
 







Figure B1. Encapsulated return activated sludge (a) SA (W/V) : 2%, PVA (W/V) : 6%, and (b) 
SA (W/V) : 3%, PVA (W/V) : 6% 
 









Appendix C Supplementary information for chapter 5 
  
 















Figure C2. The relationship between diffusion coefficient and change of effective diameter on (a) 
day 10, (b) day 20, and (c) day 30 
 
Figure C3. Stoichiometric ratios of four CSTRs of (a) NO2-N/NH4-N, and (b) NO3-N/NH4-N 






























































































































Table C1 T-test for mass remaining: two-sample assuming unequal variances 
  R1 R2 
Mean 57.00101 91.00684 
Variance 1321.705 74.59986 
Observations 31 31 
Hypothesized Mean 
Difference 0  
df 33  
t Stat -5.06692  
P(T<=t) one-tail 7.57E-06  
t Critical one-tail 1.69236  
P(T<=t) two-tail 1.51E-05  
t Critical two-tail 2.034515   
  R2 R3 
Mean 91.00684 84.77197 
Variance 74.59986 238.3103 
Observations 31 31 
Hypothesized Mean 
Difference 0  
df 47  
t Stat 1.96245  
P(T<=t) one-tail 0.027823  
t Critical one-tail 1.677927  
P(T<=t) two-tail 0.055645  
t Critical two-tail 2.011741   
  R2 R4 
Mean 91.00684 70.95894 
Variance 74.59986 1339.082 
Observations 31 31 
Hypothesized Mean 
Difference 0  
df 33  
t Stat 2.968752  
P(T<=t) one-tail 0.002767  
t Critical one-tail 1.69236  
P(T<=t) two-tail 0.005533  







Table C.2 T-test for swelling coefficients: two-sample assuming unequal variances 
  R1 R2 
Mean 1.1525 1.065 
Variance 0.01143 0.00203 
Observations 4 4 
Hypothesized Mean 
Difference 0  
df 4  
t Stat 1.50849  
P(T<=t) one-tail 0.10296  
t Critical one-tail 2.13185  
P(T<=t) two-tail 0.20592  
t Critical two-tail 2.77645   
  R2 R3 
Mean 1.065 1.0675 
Variance 0.00203 0.00249 
Observations 4 4 
Hypothesized Mean 
Difference 0  
df 6  
t Stat -0.0743  
P(T<=t) one-tail 0.47158  
t Critical one-tail 1.94318  
P(T<=t) two-tail 0.94316  
t Critical two-tail 2.44691   
  R2 R4 
Mean 1.065 1.035 
Variance 0.00203 0.0007 
Observations 4 4 
Hypothesized Mean 
Difference 0  
df 5  
t Stat 1.14764  
P(T<=t) one-tail 0.15152  
t Critical one-tail 2.01505  
P(T<=t) two-tail 0.30305  






Table C.3 T-test for diffusion coefficients of ammonium: two-sample assuming unequal variances 
NH4-N 
  R1 R2 
Mean 7.37498 18.297 
Variance 48.7858 67.6754 
Observations 11 11 
Hypothesized Mean 
Difference 0  
df 19  
t Stat -3.3567  
P(T<=t) one-tail 0.00166  
t Critical one-tail 1.72913  
P(T<=t) two-tail 0.00331  
t Critical two-tail 2.09302   
  R2 R3 
Mean 18.297 14.4849 
Variance 67.6754 61.6631 
Observations 11 11 
Hypothesized Mean 
Difference 0  
df 20  
t Stat 1.11173  
P(T<=t) one-tail 0.13972  
t Critical one-tail 1.72472  
P(T<=t) two-tail 0.27944  
t Critical two-tail 2.08596   
  R2 R4 
Mean 18.297 8.73963 
Variance 67.6754 37.8033 
Observations 11 11 
Hypothesized Mean 
Difference 0  
df 19  
t Stat 3.0864  
P(T<=t) one-tail 0.00304  
t Critical one-tail 1.72913  
P(T<=t) two-tail 0.00608  





Table C.4 T-test for diffusion coefficients of nitrite: two-sample assuming unequal variances 
NO2-N 
  R1 R2 
Mean 8.51237 22.6444 
Variance 78.67 123.744 
Observations 11 11 
Hypothesized Mean 
Difference 0  
df 19  
t Stat -3.2944  
P(T<=t) one-tail 0.00191  
t Critical one-tail 1.72913  
P(T<=t) two-tail 0.00381  
t Critical two-tail 2.09302   
  R2 R3 
Mean 22.6444 18.0257 
Variance 123.744 97.4428 
Observations 11 11 
Hypothesized Mean 
Difference 0  
df 20  
t Stat 1.03  
P(T<=t) one-tail 0.15765  
t Critical one-tail 1.72472  
P(T<=t) two-tail 0.31531  
t Critical two-tail 2.08596   
  R2 R4 
Mean 22.6444 10.8267 
Variance 123.744 62.5828 
Observations 11 11 
Hypothesized Mean 
Difference 0  
df 18  
t Stat 2.87139  
P(T<=t) one-tail 0.00508  
t Critical one-tail 1.73406  
P(T<=t) two-tail 0.01015  





Table C.5 T-test for final beads’ size: two-sample assuming unequal variances 
  R1 R2 
Mean 0.0404 1.8376 
Variance 0.00017 0.02676 
Observations 25 25 
Hypothesized Mean 
Difference 0  
df 24  
t Stat -54.757  
P(T<=t) one-tail 5.1E-27  
t Critical one-tail 1.71088  
P(T<=t) two-tail 1E-26  
t Critical two-tail 2.0639   
  R2 R3 
Mean 1.8376 1.0052 
Variance 0.02676 0.01655 
Observations 25 25 
Hypothesized Mean 
Difference 0  
df 45  
t Stat 19.9986  
P(T<=t) one-tail 2.5E-24  
t Critical one-tail 1.67943  
P(T<=t) two-tail 5.1E-24  
t Critical two-tail 2.0141   
  R2 R4 
Mean 1.8376 0.0724 
Variance 0.02676 0.00021 
Observations 25 25 
Hypothesized Mean 
Difference 0  
df 24  
t Stat 53.7466  
P(T<=t) one-tail 7.9E-27  
t Critical one-tail 1.71088  
P(T<=t) two-tail 1.6E-26  





Table C.6 T-test for NH4-N removal efficiencies: two-sample assuming unequal variances 
  R1 R2 
Mean 39.8275 75.7629 
Variance 540.548 744.526 
Observations 19 19 
Hypothesized Mean 
Difference 0  
df 35  
t Stat -4.3695  
P(T<=t) one-tail 5.3E-05  
t Critical one-tail 1.68957  
P(T<=t) two-tail 0.00011  
t Critical two-tail 2.03011   
  R2 R3 
Mean 75.7629 67.6643 
Variance 744.526 653.434 
Observations 19 19 
Hypothesized Mean 
Difference 0  
df 36  
t Stat 0.94414  
P(T<=t) one-tail 0.1757  
t Critical one-tail 1.6883  
P(T<=t) two-tail 0.35139  
t Critical two-tail 2.02809   
  R2 R4 
Mean 75.7629 38.5884 
Variance 744.526 364.246 
Observations 19 19 
Hypothesized Mean 
Difference 0  
df 32  
t Stat 4.86633  
P(T<=t) one-tail 1.5E-05  
t Critical one-tail 1.69389  
P(T<=t) two-tail 2.9E-05  






Table C.7 T-test for NO2-N removal efficiencies: two-sample assuming unequal variances 
  R1 R2 
Mean 42.5156 77.3161 
Variance 560.032 672.562 
Observations 19 19 
Hypothesized Mean 
Difference 0  
df 36  
t Stat -4.3207  
P(T<=t) one-tail 5.9E-05  
t Critical one-tail 1.6883  
P(T<=t) two-tail 0.00012  
t Critical two-tail 2.02809   
  R2 R3 
Mean 77.3161 73.0435 
Variance 672.562 581.246 
Observations 19 19 
Hypothesized Mean 
Difference 0  
df 36  
t Stat 0.52595  
P(T<=t) one-tail 0.30107  
t Critical one-tail 1.6883  
P(T<=t) two-tail 0.60215  
t Critical two-tail 2.02809   
  R2 R4 
Mean 77.3161 42.1825 
Variance 672.562 325.261 
Observations 19 19 
Hypothesized Mean 
Difference 0  
df 32  
t Stat 4.84812  
P(T<=t) one-tail 1.5E-05  
t Critical one-tail 1.69389  
P(T<=t) two-tail 3.1E-05  






Table C.8 T-test for total nitrogen removal efficiencies: two-sample assuming unequal variances 
  R1 R2 
Mean 36.7963 68.6028 
Variance 444.819 623.568 
Observations 19 19 
Hypothesized Mean 
Difference 0  
df 35  
t Stat -4.2416  
P(T<=t) one-tail 7.7E-05  
t Critical one-tail 1.68957  
P(T<=t) two-tail 0.00015  
t Critical two-tail 2.03011   
  R2 R3 
Mean 69.2394 63.6853 
Variance 598.853 516.042 
Observations 20 20 
Hypothesized Mean 
Difference 0  
df 38  
t Stat 0.74389  
P(T<=t) one-tail 0.23076  
t Critical one-tail 1.68595  
P(T<=t) two-tail 0.46152  
t Critical two-tail 2.02439   
  R2 R4 
Mean 68.6028 35.5509 
Variance 623.568 295.105 
Observations 19 19 
Hypothesized Mean 
Difference 0  
df 32  
t Stat 4.75327  
P(T<=t) one-tail 2E-05  
t Critical one-tail 1.69389  
P(T<=t) two-tail 4.1E-05  






Table C.9 T-test for specific anammox activities: two-sample assuming unequal variances 
  R1 R2 
Mean 0.16899 0.21765 
Variance 0.00287 0.00301 
Observations 13 11 
Hypothesized Mean 
Difference 0  
df 21  
t Stat -2.1879  
P(T<=t) one-tail 0.02006  
t Critical one-tail 1.72074  
P(T<=t) two-tail 0.04012  
t Critical two-tail 2.07961   
  R2 R3 
Mean 0.21765 0.2001 
Variance 0.00301 0.01035 
Observations 11 14 
Hypothesized Mean 
Difference 0  
df 21  
t Stat 0.55125  
P(T<=t) one-tail 0.29364  
t Critical one-tail 1.72074  
P(T<=t) two-tail 0.58728  
t Critical two-tail 2.07961   
  R2 R4 
Mean 0.21765 0.1168 
Variance 0.00301 0.00362 
Observations 11 11 
Hypothesized Mean 
Difference 0  
df 20  
t Stat 4.10975  
P(T<=t) one-tail 0.00027  
t Critical one-tail 1.72472  
P(T<=t) two-tail 0.00054  






Appendix D Supplementary information for chapter 6 
Table D1. T-test for nitrogen removal efficiencies in phase I: two-sample assuming unequal 
variances 
  R1 R2 
Mean 49.9499 63.0476 
Variance 240.625 289.919 
Observations 18 18 
Hypothesized Mean 
Difference 0  
df 34  
t Stat -2.4125  
P(T<=t) one-tail 0.01069  
t Critical one-tail 1.69092  
P(T<=t) two-tail 0.02138  
t Critical two-tail 2.03224   
  R2 R3 
Mean 63.0476 67.592 
Variance 289.919 248.057 
Observations 18 18 
Hypothesized Mean 
Difference 0  
df 34  
t Stat -0.8313  
P(T<=t) one-tail 0.20581  
t Critical one-tail 1.69092  
P(T<=t) two-tail 0.41163  
t Critical two-tail 2.03224   
  R2 R4 
Mean 63.0476 71.0052 
Variance 289.919 158.079 
Observations 18 18 
Hypothesized Mean 
Difference 0  
df 31  
t Stat -1.5951  
P(T<=t) one-tail 0.06042  
t Critical one-tail 1.69552  
P(T<=t) two-tail 0.12084  




Table D2. T-test for nitrogen removal efficiencies in phase II at NLR of 0.13 mg N/L-d: two-
sample assuming unequal variances 
  AFBR1 AFBR2    AFBR2 AFBR3 
Mean 62.8005 72.02  Mean 70.2068 76.8286 
Variance 2.775 3.1488  Variance 15.4587 1.70821 
Observations 7 7  Observations 10 10 
Hypothesized Mean 
Difference 0   
Hypothesized Mean 
Difference 0  
df 12   df 11  
t Stat -10.022   t Stat -5.054  
P(T<=t) one-tail 1.7E-07   P(T<=t) one-tail 0.00018  
t Critical one-tail 1.78229   t Critical one-tail 1.79588  
P(T<=t) two-tail 3.5E-07   P(T<=t) two-tail 0.00037  
t Critical two-tail 2.17881    t Critical two-tail 2.20099   
 
Table D3. T-test for nitrogen removal efficiencies in phase II at NLR of 0.25 mg N/L-d: two-
sample assuming unequal variances 
  AFBR1 AFBR2    AFBR2 AFBR3 
Mean 65.8577 75.6502  Mean 75.6502 77.2135 
Variance 0.69369 3.41179  Variance 3.41179 1.31711 
Observations 7 7  Observations 7 7 
Hypothesized Mean 
Difference 0   
Hypothesized Mean 
Difference 0  
df 8   df 10  
t Stat -12.787   t Stat -1.9021  
P(T<=t) one-tail 6.6E-07   P(T<=t) one-tail 0.04316  
t Critical one-tail 1.85955   t Critical one-tail 1.81246  
P(T<=t) two-tail 1.3E-06   P(T<=t) two-tail 0.08633  








Table D4. T-test for nitrogen removal efficiencies in phase II at NLR of 0.51 mg N/L-d: two-
sample assuming unequal variances 
  AFBR1 AFBR2    AFBR2 AFBR3 
Mean 66.136 74.4627  Mean 76.3041 77.921 
Variance 21.376 31.2936  Variance 9.06707 2.63645 
Observations 7 7  Observations 6 6 
Hypothesized Mean 
Difference 0   
Hypothesized Mean 
Difference 0  
df 12   df 8  
t Stat -3.0356   t Stat -1.1577  
P(T<=t) one-tail 0.00518   P(T<=t) one-tail 0.14019  
t Critical one-tail 1.78229   t Critical one-tail 1.85955  
P(T<=t) two-tail 0.01036   P(T<=t) two-tail 0.28038  
t Critical two-tail 2.17881    t Critical two-tail 2.306   
 
Table D5. T-test for nitrogen removal efficiencies in phase III at NLR of 0.25 kg N/m3-d: two-
sample assuming unequal variances 
  CFBR PFBR 
Mean 70.2295 81.2121 
Variance 42.0932 12.8519 
Observations 7 7 
Hypothesized Mean 
Difference 0  
df 9  
t Stat -3.92  
P(T<=t) one-tail 0.00176  
t Critical one-tail 1.83311  
P(T<=t) two-tail 0.00351  








Table D6. T-test for nitrogen removal efficiencies in phase III at NLR of 0.50 kg N/m3-d: two-
sample assuming unequal variances 
  CFBR PFBR 
Mean 70.7927 80.2875 
Variance 5.9382 1.41318 
Observations 7 7 
Hypothesized Mean 
Difference 0  
df 9  
t Stat -9.2651  
P(T<=t) one-tail 3.4E-06  
t Critical one-tail 1.83311  
P(T<=t) two-tail 6.7E-06  
t Critical two-tail 2.26216   
 
Table D7. T-test for nitrogen removal efficiencies in phase III at NLR of 1.01 kg N/m3-d: two-
sample assuming unequal variances 
  CFBR PFBR 
Mean 34.4197 70.1804 
Variance 391.342 105.184 
Observations 6 6 
Hypothesized Mean 
Difference 0  
df 8  
t Stat -3.9311  
P(T<=t) one-tail 0.00218  
t Critical one-tail 1.85955  
P(T<=t) two-tail 0.00435  
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